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AR S TRAc'r 
This work encompasses the structural studies of small molecules in the solid-phase 
by single crystal X-ray diffraction and in the gas-phase by electron diffraction. A comparison 
of the two experimental techniques used is given in chapter 1 to show their potential and 
limitations. 
Sulfur di-imides are important ligands in coordination chemistry, and can adopt one 
of three possible ideal conformations: syn,syn; syn,anti and anti ,anti. The gas-phase structure 
of NN-bis(tertiaiy-butyl)sulfur di-imide [S(NBu t)2] was determined and is compared with 
the single crystal X-ray diffraction and ab initio studies in chapter 2. Two structures, with 
widely different conformations [syn,anti and anli,anti] and bond lengths, fit the gas-phase 
electron diffraction data equally well. The molecular parameters obtained for the syn,anti 
structure are in good agreement with the ab initio values, whereas for the anti ,anti structure 
the ordering of the S=N, N-C and C-C distances is different. It is therefore concluded that 
S(NBut)2 in the gas phase adopts the syn,anti conformation, consistent with the ab initio 
calculations and X-ray crystal structure. 
The gas-phase and solid-phase structures of trans-3 ,4-dibrom otetrahydrothiophene- 1,1 - 
dioxide were determined and are compared with the ab initio study in chapter 3, as part of 
a study into the effect of remote SO., groups on the bromination of alkenes. The ring 
puckering parameters show that the in solid phase it adopts an envelope conformation, whilst 
in the gas phase it adopts a twist conformation. In the solid phase the bromine atoms occupy 
positions equatorial to the ring, whereas in the gas phase the optimum fit is for a mixture of 
axial and equatorial conformers. 
LVA 
The tetranitriles are poly(ether iinide) precursors, and poly(ether imides) are 
important as new gas separation membranes. Chapter 4 is an introduction to the work carried 
out on the tetranitriles with a review of the gas permeability data on poly(ether imides) in 
the literature. The structures of the tetranitriles were studied in an attempt to find a structure-
property relationship with the gas-separation properties of the poly(ether imides). Chapter 5 
describes the crystal structure determinations of the tetranitriles, whilst chapters 6 and 7 
describe the molecular geometries and crystal packing of the tetranitriles. The analysis of the 
crystal structures of the tetranitriles reveals that the intermolecular interactions between 
aromatic rings is important in the packing schemes adopted by the tetranitriles. The results 
show how the packing is affected by the presence and position of various structural features. 
Chapter 8 is an analysis of the holes found .in the crystal structures of the tetranitriles and 
whether these are related to pores in the poly(ether imides). The results give an insight into 
the causes of pores within the poly(ether imides). 
The crystal structures of a series of 1,3-oxazopin-2-one chiral auxiliaries based on 
derivatives of D-fructose are analyzed in chapter 9 to investigate if there is molecular self-
recognition by the parent group. Chiral auxiliaries are used in asymmetric synthesis. They 
impart asymmetry to the diastereomers formed, to aid in their separation by crystallization. 
The results show that the parentmolecule does not recognize itself during crystallization, thus 
they are likely to be useful chiral auxiliaries. 
vi 
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CHAPTER 1 
Diffraction by Small Molecules 
X-ray diffraction by single crystals and electron diffraction by gases are related but 
contrasting techniques which can greatly reinforce one another. Many excellent explanations 
of the physical principles and experimental aspects of diffraction are available [Dunitz, 1979; 
Stout and Jensen, 1968; Seip, 1973; Hargittai and Hargittai, 1988]. This chapter is therefore 
only intended as an introduction to the later structural determinations to demonstrate the 
potential and limitations of the techniques used. 
I.I. Introduction 
Origin of X-ray diffraction.- X-rays were shown by Laue in 1912 to be diffracted by 
crystals [Laue, 19121. X-rays can have wavelengths in the range 0.1-100 A. They are 
produced by accelerating elections in an electric field and then firing them into a metal 
target. The energy E acquired by an election accelerated by a voltage V is given by: 
E = eV [1] 
where e is the electronic charge = -1.6x10' 9  C. The electrons are slowed down very rapidly 
due to multiple collisions which converts their kinetic energy into white radiation. The 
shortest wavelength X of white radiation emitted is given by: 
= hc/eV 	 [2] 
where his Plank's constant = 6.6x10 34 J s, and c is the speed of light = 3.0x108 m s ' . When 
the energy of the electrons hitting the target reaches the characteristic threshold potential for 
a particular metal they are capable of removing an election from an atomic orbital. When the 
elections are accelerated by voltages of the order of 10 kV they can remove electrons from 
the innermost orbitals of an atom. This potential is called the critical potential, typical critical 
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potentials for the removal of electrons from the is orbitals are 20.0 kV for molybdenum and 
8.98 kV for copper. 
When an atom is ionized an electron from a higher orbital will fall into its place 
accompanied by the emission of a X-ray photon of wavelength characteristic to the decrease 
in potential energy. The transition of an electron from a 2p orbital into a vacancy in the is 
orbital produces an intense line of the characteristic K a  radiation, which is the most widely 
used characteristic radiation in X-ray diffraction. 
There is also a less intense transition from the 3p to Is orbital at lower wavelength 
producing the characteristic K radiation. The white radiation and K radiation are then 
either removed with filters which have an absoiption edge at a suitable wavelength [i.e. 
between the wavelengths of the characteristic K a  and K radiations], or reflected with 
crystal monochromators to give an essentially monochromatic source of the K a  radiation at 
a given crystal angle. 
For normal practical purposes a monochromatic beam of MOKa  radiation is used [? 
= 0.71073 A], as it is a highly penetrating radiation and is ideal for use with scintillation 
counters which are efficient at counting MoK a. Longer wavelength radiation such as CuKa  
radiation [?. = 1.54180 A] is useful if the cell is large as it will increase the separation of the 
reflections, but this is offset by the loss of data at high angle. One problem of X-rays is that 
they cannot be focused, but they can be collimated into a narrow beam. 
Origin of electron diffraction.- In 1924 de Broglie proposed the theory of wave-
particle duality, in which a photon of electromagnetic radiation has momentum, and a moving 
particle has a wavelength [de Brogue, 1924]. The wavelength of a particle travelling with a 
momentum p is given by: 
= h/p 
	 [3] 
Mark and Wierl in 1930 were the first to apply de Broglie's theory to a beam of fast 
moving electrons and diffract them from a gaseous sample [Mark et a!, 1930; Wierl, 1931]. 
Electrons emitted from a hot tungsten filament and accelerated through a potential of 50 kV 
have a wavelength of 0.0548 A. It is also possible to obtain an intense monochromatic beam 
of electrons that can be focused by magnetic lenses. 
The reasons for choosing X-rays for a condensed phase and electrons for a diffuse 
phase are due to the relative penetrating power of the beams. X-rays are highly penetrating 
and interact relatively little with matter and thus are ideal for condensed phases. A normal 
experiment takes in the order of days. In contrast, electrons are charged particles of low mass 
and therefore have a low penetrating power. However, electrons are useful in diffuse phases 
as penetrating power is not as important and an intense, monochromatic beam can be 
obtained. Electrons also have the obvious advantage of being easier and cheaper to produce, 
and the experiment only takes in the order of seconds, as the electrons are scattered so 
efficiently. 
1.2. Scatteñng and Interfennce 
Diffraction can be considered as a combination of elastic scattering and interference. 
When a wave encounters a point, such as an atom, it is scattered by the point outwards with 
a spherical wavefront. When the waves scattered from different points encounter one another 
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they interfere so that in certain directions they reinforce one another [wavefronts are in 
phase] whilst in other directions they cancel one another [wavefronts are out of phase]. 
X-ray scattering.- When the oscillating electric field of the X-rays passes through 
matter the electrons of that matter are perturbed causing them to oscillate about the nucleus. 
The oscillating electrons act as a point source of electromagnetic radiation of the same 
frequency and phase [normal scattering]. Other scattering processes, such as anomalous 
scattering which causes a phase change, can be important for heavy atoms, but will not be 
covered here as the effects are small for the materials covered in this study. 
Electron scattering.- In contrast to the scattering of X-rays, electrons are scattered by 
the electric field of atomic nuclei. The electric fields of nuclei extend over wide areas, and 
so a relatively high proportion of electrons are scattered. Since atoms, including electrons, 
are not points, the scattering power of an atom depends on the atom type and the scattering 
angle for both X-rays and electrons. This results in the contributions of light atoms, 
especially hydrogen atoms, being small, and hence it is difficult to determine their positions 
by either technique. 
A fundamental difference in the structure determinations by the two methods is that 
X-ray diffraction determines the centres of electron density, whilst electron diffraction 
determines the nuclear positions, i.e. the position of the source of the scattering is 
determined. An example of this is the length of bonds to hydrogen atoms determined by the 
two techniques. The position of the electron from the hydrogen atom is not centred around 
the hydrogen nucleus but is found in the bond. Therefore the bond length determined by X-
ray diffraction is bound to be shorter than the distance between the nuclei as determined by 
electron diffraction. 
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Electron interference.- A gas-phase electron diffraction pattern consists of diffuse 
concentric rings as the gas molecules are arranged in random orientations. Thus the total 
scattered intensity is measured as a function of the scattering angle 0, or more normally as 
a function of the angular parameter s. 
S = 47rsin(0/2)/A. 	 [4] 
The total scattered intensity ['tot]  is due to the sum of the molecular [Jmoj,]' atomic ['atc] 
and all other forms of scattering known as background scattering. Background scattering 
consists of incoherent scattering ['tncoht]  and inelastic scattering [lflC]. Incoherent 
scattering is due to double-collision scattering or extraneous scattering such as diffraction 
from the metal surfaces of the apparatus, or from gas molecules in the chamber or 
intramolecular scattering. Inelastic scattering is due to the electrons undergoing a momentum 
change during collision, but this is pratically negligible at the electron wavelengths used 
[Bonham, 1962]. Thus the total scattering intensity is given by: 
'total = 'molecular + 'at=jc + 'jncoh=t +'inelastic 	 [5] 
The background scattering is subtracted from the total scattering as a polynomial function to 
leave the molecular and atomic scattering. The atomic scattering can be calculated from 
tabulated scattering factors assuming that the molecular formula of the molecule is known, 
and is then subtracted leaving the molecular scattering. 
Molecular scattering is the interference pattern obtained from electrons scattered by 
pairs of nuclei. The total molecular scattering intensity is therefore equal to the sum of the 
individual scattering intensities from all the pairs of atoms in the molecule, and can be 
represented as follows: 
1moi ecuiar(5) = A ,l/(s)I!/(s)lcos[ii1(s) -i(s)]. [exp(-u13 2s2/2)]. [sin[s(r-i<s2)]/sr1 ] 	 [6] 
wheref(s) is the atomic electron scattering amplitude for the 
1th  atom, i1 (s) is the phase of 
the electron scattering for the 1 th atom, uij  is the mean amplitude of vibration between atoms 
5 
i and j and r1 is the distance between atoms i and j. The scaling factor A = 41rm 2e2/h4 s4 
where m is the mass of an electron = 9.1x10 3 ' kg ands, is the permitivity of free space = 
8.9x10'2 J' C2 m 4 . The asymmetry constant r j = cu'/6 where q, is the anharmonicity 
constant of a Morse potential. Thus the molecular scattering from a single pair of atoms 
depends on the scattering factors of the two atoms, the distance between the atoms, the 
scattering angle and the amplitude of vibration of the atoms. The resultant wave has the 
appearance of a damped sine wave, with a contribution from a cosine wave which relates to 
the phase shift on scattering. 
X-ray interference.- Single crystals contain a regular array of atoms, the interference 
patterns from which add together in a cooperative effect. Thus the X-ray diffraction pattern 
obtained from single crystals contains sharp diffraction maxima at clearly defined values of 
the angle e. 
Diffraction from crystals is usually explained in terms of reflection from planes in 




where d is the perpendicular distance between the planes (hkl). Thus the intensity data [IhIJ 
is usually given as a function of the Miller indices h, k and / of the reflecting planes. The 
intensity of a given reflection is equal to the square of the structure factor for that reflection, 
which is more commonly written as: 
IFI = (KIILp)" 
	
[8] 
where p is the polarization factor which corrects for the partial polarization of the initially 
unpolarized X-ray beam on reflection by a crystal monochromator and the crystal under 
investigation, L is the Lorentz factor which corrects for the fact that different reflections take 
different times to pass through the reflecting position depending on the position of the 
reflection and the direction in which it approaches the reflecting position, and the scale factor 
K depends on the size of the crystal and beam intensity and its value must be determined for 
a given diffractometer. 
A structure factor is the sum of the waves reflected from a given plane. It therefore 
has an amplitude and a phase. For a model with the atoms moving isotropically the quantities 
A , and Bhu for a reflection from the planes (hkl) are defined as: 
A bld  = Z,f1cos[2ir(hx1+ky+lzj]exp(-87C2 U1 sin2e/X 2 ) 	 [9] 
B = jsin[2it(hx+ky1+lz1 )]exp(-8it 2 U1 sin2O/X2) 	 [10] 
where x, y and z are the fractional coordinates and U is the mean square amplitude of 
vibration of atom i, andj is the electronic X-ray scattering amplitude. The amplitude [IFI] 
and phase [4] of the structure factor are then given by: 
	
IFI = (A2+B 2 )V2 	 [11] 
hkJ = tan(B/A) 	 [12] 
Thus the structure factor is a function of the positions, scattering factors and amplitudes of 
vibration of all the atoms in the cell. 
1.3. Diffraction Experiment 
Electron diffraction experiment.- The gas-phase data were collected on photographic 
plates using the Edinburgh University ED apparatus [Huntley et a!, 1980]. The experiment 
consists of a beam of electrons [diameter 0.3 mm] interacting with the molecular beam 
[diameter 0.3 mm] in a high vacuum chamber. Thus there is a finite volume of intersection 
of the electron and molecular beams, whereas the theory assumes it to be a single point. The 
consequence of this is that the amplitudes of vibrations u will be slightly bigger [Rundgren, 
1967]. 
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The sample must have a suitable vapour pressure [10 Torr] at a temperature within 
the operational limits of the equipment and at which the sample is stable. This is one of the 
main limitations on the samples that can be studied by this technique. The temperature of a 
sample can be raised to quite high temperatures. However, this can cause problems as the 
amplitudes of vibration are much higher, the sample might not be in its vibrational ground 
state, the conformation may be different than expected or more seriously, another isomer may 
be present. 
The intensity of scattered electrons is inversely proportional to s4 [see equation 6]. 
Photographic plates have a limited range over which they are sensitive. Thus a rotating sector 
is placed in front of the photographic plates so that all the data collected are of the same 
order of magnitude [Debye, 1939a,b]. Data are collected at two camera distances to increase 
the range of scattering angles over which data can be collected. 
The limitations of using photographic plates to record the diffraction pattern are 
minimised by recording the diffraction pattern of benzene whose structure is well known 
[Brooks et al, 1965; Jijima eta!, 1976]. In this way, the wavelength of the electrons and the 
camera distances can also be accurately determined. A digital microphotometer is used to 
scan the plates, measuring the optical density a thousand times at each radius [Cradock et a!, 
1981]. Thus accurate measurements of optical density against scattering angle are obtained. 
The optical densities are converted into intensities by correcting for the flatness of the plate, 
the non-linearity of the photographic emulsion saturation and the rotating sector using 
standard programs, such as ED92 [Cradock et a!, 1981; Boyd et a!, 1981]. 
X-ray dffraction experiment.- X-ray data at Edinburgh are collected on a Stóe 
STADI-4 four circle diffractometer. The four circles of the diffractometer allows all the 
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planes to be brought into the reflecting position separately. A great many more samples are 
available for study by this technique than are suitable for gas-phase electron diffraction. 
However, some samples will not crystallise, some giving glasses. Also some crystals are just 
too small. Crystals suitable for X-ray diffraction are normally required to have dimensions 
of at last 0.1 mm x  0.1 mm x  0.1 mm. 
Optical inspection of the crystals under a polarizing microscope can reveal whether 
the crystals are single. As the crystals are rotated they should appear bright and then 
extinguish [i.e. appear dark] once every 90°. However, cubic crystals will appear uniformly 
dark in all positions. If the crystals are not single [i.e. made up of different fragments] the 
different fragments will extinguish at different positions. New techniques for handling 
sensitive samples in inert oil films or low melting samples grown in situ at low temperatures 
make more and more crystal structure determinations possible. 
Problems in X-ray diffraction are not always restricted to finding crystals that appear 
to be suitable by optical inspection. Some crystals that appear suitable will be twinned or 
undergo radiation damage during data collection, thus hindering the structure determination. 
Data are routinely collected at low temperature to reduce thermal motion; however, the 
crystal may shatter, perhaps after undergoing a phase change. Provided care is taken in 
determining the unit cell and crystal system, a unique set of data can be collected. However, 
the high angle data might be inaccessible making a complete structure determination 
inpossible, especially for crystals with large unit cells which require CUK a radiation. 
1.4. Data Analysis 
Electron diffraction data analysis.- Except for the very simplest molecules there is 
no possibility of solving a structure by gas-phase electron diffraction without some prior 
knowledge of the possible structure, due to the limited data available from the experiment. 
The normal starting point for a structure determination is a guessed model. However, a 
combined analysis is usually helpful, whereby structural information is also obtained from 
other sources, e.g. microwave spectroscopy, liquid crystal nuclear magnetic resonance 
[LCNMIR] or theoretical calculations. Given an initial model, an accurate refinement of the 
structure is then possible. 
The structure analysis program ED92 generates the theoretical scattering intensities 
for all interatomic distances from a set of Cartesian coordinates and amplitudes of vibration 
with anharmonicity constants [anharmonicity constant q j for bonded distances assumed to be 
= 2 A - ' and for non-bonded distances a harmonic approximation is used, i.e. anharmonicity 
constant for non-bonded pairs assumed to be zero]. A least squares iterative algorithm then 
attempts to find the best fit with the experimental scattering intensities. 
The fit of the experimental intensity data to the calculated intensities is given by the 
R-factor [R GJ, which in matrix form is defined as follows: 
R  = DWD/IWI 
	
[14] 
where D is the difference vector whose elements represent the difference between the 
experimental and calculated scattering intensities as a function of s, and I is the scattering 
vector whose elements represent the experimental scattering intensities as a function of s [the 
prime vectors are the transposes of the non-prime vectors], and W is an off-diagonal 
weighting matrix [Murato et a!, 1966]. The elements of the weighting matrix are given by: 
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Wij = (31-s,)/(sw 1-s,) 	for s j.  :5 s1 :!~ Sw 1 
w=l 	 for sw 1 :5s1 :5sw 2 
w 11 = (s-s1 )/(3,-sw 2 ) 	for sw 2 ~ Si  :5 s 
W ij 	 forli-jI 	1 
W ij  = '/2(w jl+w j)(p/h)k 	for i-il = 1 
where for camera distance [k]: s and s, are the minimum and maximum values of s 
respectively, sw 1 and Sw 2 are weight ing points at chosen values of s, and (p/h) is the 
correlation parameter for the distance. Depending on the complexity of the structure and the 
number of parameters refining, the RG  for a well determined structure is usually below 0.1. 
Wrong structures can however, be fitted to the data. This can be explained by 
considering the radial distribution curve which is the Fourier transform of the intensity curves 
[Brockway et al, 1935]. A radial distribution curve is a plot a P(r)/(r) against r, where P(r) 
is the probability that the distance between the atoms I andj is r. Every interatomic distance 
in the molecule contributes a Gaussian shaped curve to the radial distribution curve, centred 
on the vibrationally averaged internuclear distance between the atoms, with a width related 
to the mean squared vibrational amplitude of the atoms [Debye, 1941]. The area under each 
peak in the radial distribution curve is related to the multiplicity [ii1) of the distance , [i.e. 
the number of times the distance occurs in the molecule], the atomic numbers [Z 1 and Z3] of 
the atoms and inversely related to the distance r1 , and is given by: 
A rea 
	 [13] 
Radial distribution curves are only used for visual inspection of the fit of the theoretical to 
the experimental scattering intensities. 
A serious problem with the radial distribution curve is that the sum of two 
overlapping Gaussians is another Gaussian; thus information has been lost resulting in the 
possibility of many acceptable fits to the data. This also applies to the intensity curves, as 
the sum of two similar damped sine waves is approximately another damped sine wave. Thus 
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it may be necessary to fix some of the parameters associated with the overlapping peaks in 
the radial distribution curve. 
Another effect that can be a serious problem in a GED structure determination is that 
of vibration [Morino, 1960; Bastiansen et al, 1960]. For a simple linear triatomic GED will 
determine the bond lengths with a good degree of accuracy. However, the molecule will 
appear bent as the sum of the bonded distances will be greater than the non-bonded distance 
due to the vibrational averaging of the interatomic distances. This so-called shrinkage effect 
can be corrected for if a molecular force field is available. 
The complexity of successfully refining a gas-phase structure using electron 
diffraction data increases as the number of atoms increases. If a molecule possesses 
symmetry this decreases the number of independent parameters that have to be determined 
and thus increases the size of molecule that can be studied. The level of theory used in the 
data analysis is also a possible source of errors. Some of the most significant approximations 
are: atoms are spherical; multiple scattering is insignificant; anharmonicity is fixed for 
bonded and non-bonded distances. However, the level of theory is usually acceptable due to 
the quality of the data. 
X-ray diffraction data analysis.- The approach to solving a crystal structure is 
significantly different to that for a gas-phase structure. Given the unit cell and intensity data 
the space group of the crystal can usually be determined by the systematic absences. 
Systematic absences are classes of reflections that are absent [i.e. zero intensity] due to the 
effect of translational elements present in the space group. However, because only 
translational symmetry elements can be determined, certain space groups are not uniquely 
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determined by their systematic absences, e.g. P21 and P211m have the sane systematic 
absences. 
Statistical analysis of the data can indicate the presence of additional symmetry 
because the distribution of intensities [I] about the mean intensity [<1>] depends on where 
the atoms are in the cell. Wilson revealed how the distribution of intensities for a 
noncentrusymmetric crystal are closer to the mean than for a centn)symmetnc crystal 
[Wilson, 1949]. Thus the observed distributions of intensities can be compared with a 
theoretical distribution to determine whether a centre of symmetry is probably present, e.g. 
the N(z) test [Howells et a!, 1950]. N(z) is the fraction of reflections with 11<1> less than z, 
and a plot of N(z) against z can be compared against the theoretical acentric and centric 
distributions. Thus the N(z) test could indicate whether a space group is likely to be P21 or 
P21/m, as only P21/m possesses a centre of symmetry. 
A crystal structure can be solved if the magnitude and phase of the structure factors 
are known, as their Fourier transform gives the positions of the electron density in the cell 
[see equation 8].  However, we can only measure the magnitudes of the structure factors. 
Thus solving a X-ray crystal structure involves ovemoming the 'phase problem'. 
To obtain a trial structure requires some phases. For small molecules standard direct 
methods structure solving programs, such as SHELXS-86 [Sheldrick, 19901, are routinely 
used to obtain the probable phases of a few strung reflections. Direct methods are based on 
the fact that there cannot be a negative electron density and that the election density is not 
randomly distributed but is concentrated around atomic positions. Direct methods require that 
many trial phases are tried. The structure factors with their trial phases are converted into an 
electron density distribution by Fourier synthesis. 
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The best trial structure can be completed by Fourier synthesis, as more phases can 
be obtained from the electron distribution. The structure is then refined by least squares using 
standard structure refinement programs, such as SHELXL-93 [Sheldrick, 1994]. In a normal 
structure determination, each atomic position in the final structure can have a up to 9 
parameters [3 coordinates and 6 thermal parameters] to model the electron density. 
A measure of how well a structure fits the data as in electron diffraction is the R-
factor. The two common R-factors reported for X-ray structures are: 
wR 2 = [[w(F02-F02 )211[w(F02 )211" 	 [15] 
R, = IIF0I-IFII1 IF0I 
	
[16] 
where the weighting scheme w = 1/[&(F02)+(aP)2+bP}, and a and b are variables refined in 
the least squares routine, and P = [l/axMaximum of (0 or F,
2  )+2/3F.'] [Sheldrick, 1994]. 
Generally for a well behaved structure wR 2 will be around 0.10 and R 1 around 0.05. 
An X-ray structure determination does not require any knowledge of the sample 
contents. However, problems can arise on assigning the wrong atom type. Thermal motion 
can sometimes reveal the true identity of atoms. If an atom is assigned the scattering factor 
for a heavier atom it will have a higher than expected thermal motion, or if it is assigned a 
lighter atom it will have small thermal motion. Disorder may be present in the structure as 
the molecule may be able to pack in more than one way. This can affect the accuracy of the 
structure obtained even after modelling the disorder. Problems with symmetry and the space 
group may not be initially apparent but yield some unexpected results. A crystal structure is 
the structure in the solid phase, and so the structure is distorted by packing forces in the 
crystal. 
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There are many possible sources of systematic errors in crystal structures, such as 
absorption, extinction and libration. The crystal might have a significant absorption, which 
affects the intensities of the reflections according to the orientation of the crystal. This can 
be corrected for by determining the shape of the crystal, and recording the intensities of a 
set of reflections at more than one reflecting position [Kopfmann et a!, 1969]. 
There are two types of extinction to consider. Primary extinction is due to multiple 
reflections so that the collected intensities are no longer related to the squares of the structure 
factors. Secondary extinction is due to strong reflections, so that most of the beam is 
reflected by the first planes it encounters; this is most noticeable for large crystals with little 
mosaic spread. Extinction is usually corrected for by including an extinction coefficient in 
the least-squares pioceedure that modifies the structure factors [Zachariasen, 1967]. 
Most of the effects of absorption and extinction are negligible for small molecules 
only containing light atoms. However, libration can be a problem [Cruickshank, 1956; 1961]. 
Libration is the rotary oscillation of a group of atoms which causes an apparent shift in the 
atom positions towards the axis of rotation. The shape and direction of the thermal 
parameters of atoms undergoing libration should indicate the motion, and corrections can be 
applied to the molecular parameters obtained. 
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CHAPTER 2 
Gas Phase Structure Determination of NN'.Bis(tertiary-butyl)sulfur Di-imide 
by Electron Diffraction 
2.1. Introduction 
Many sulfurdi-imides, of the general formula S(NR) 2, are known with a wide variety 
of substituent groups [not necessarily both the same]. Sulfur di-imides are isoelectronic with 
sulfur dioxide, and can form coordination complexes such as W(S(NBu t)2)(CO)4 [Meij et a!, 
1975]. They are non-linear at the sulfur and nitrogen atoms, and can thus adopt three planar 
conform ations. 
Both substituents are syn [Z], with torsions angles about the sulfur-nitrogen bonds of 00 
[Displayed structure 2.1.1.]. For example S(NAsPh 2)2 adopts a syn,syn conformation in the 




Displayed structure 2.1.1. Syn,syn sulfur di-imide 
One substituent is syn [Z],  with a sulfur-nitrogen torsion angle of 00,  and the other is anti 
[E], with a sulfur-nitrogen torsion angle of 180 0 [Displayed structure 2.1.2.]. For example 
S(NMe)2 adopts a syn,anti conform ation in the gas phase {Kuyper et al, 19751. 
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R 
Displayed structure 2.11. Syn,anti sulfur di-imide 
3. Both substituents are anti [E], with the torsion angles about the sulfur-nitrogen bonds 1800 
[Displayed structure 2.1.3.]. For example the SnC1 4 adduct of the di-imide S(NSiMe 3 ) adopts 
a anti ,anti conformation in the solid phase [Roesky et a!, 1983]. 
Displayed stnictui 2.1.3. A nti,anti sulfur di-imide 
The conformations adopted by these molecules can be accounted for by steric 
considerations. The syn,syn is the least favoured conformation due to steric interactions 
between the substituents R but, nevertheless, it has been observed where there is stabilisation 
of the syn,syn conformation with respect to the other conformers by a molecular-orbital 
interaction between the cr-bonds of an electropositive substituent and the lone pair on the 
nitrogen. 
MNDO calculations at the SCE/MO level for di-imides in which both R groups are 
SiH3 or SiMe3  have predicted the existence of anti periplanar conjugation between the lone 
pair of electrons on the electronegative nitrogen atom and the electropositive Si-H/Me a-





-Si 	N 	S 
H ­ I 
H 
Displayed structure 2.1.4. Anti periplanar conjugation in S(NSiH 3 )2 [Rzepa et a!, 1988] 
This is partly consistent with the observation that in the gas phase NN-
bi s(trim ethyl silyl)sulfur di-imide S(NSiMe 3 )2 adopts a syn,syn conformation with C2 
symmetry, Si-N bonds of 173.8(3) pm and SNSI angles of 132.9(7)° [Anderson et a!, 19891. 
However, the conformation is highly distorted with large NSNSi torsion angles [42.6(1) 0], 
presumably thereby reducing steric strain. 
The geometry of the XNSNX backbone [where X is a main group atom] of sulfur 
di-imides is related to the conformation of the molecule in two ways. First, the N-S-N angle 
increases with the number of syn substituents to relieve the associated steric strain. Secondly, 
the X-N-S angle is larger for a given substituent if it is syn as opposed to anti, again 
relieving steric strain. However, variations in the S=N and N-X bond lengths with the 
conformations of the molecules are small [of the order of a few pm] and so any trends are 
difficult to predict, observe and interpret. 
The gas-phase structure determination of S(NBu t)2 was undertaken for comparison 
with its solid-phase structure, previously determined by Freitag ci al using single crystal X-
ray crystallography [Freitag et a!, 1995]. S(NBut)2  crystallizes in the triclinic space group P1, 
with one unique molecule per asymmetric unit. The crystal structure was determined at 153 
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K and found to have the following unit cell dimensions a = 5.989(2) A, b = 9.308(2) A, c 
= 9.981(2) A, ot = 72.62(2)0 , P = 88.29(2)°, y = 84.50(2)°. Figure 2.1.1. is a thermal 
ellipsoid plot of the molecule showing the numbering scheme used, and Figure 2.1.2. is a 
packing diagram viewed along the aaxis direction showing the short 3.599 A sulfursulfur 
intermolecular contacts present. 
Figun 2.1.1. S(NBu t)2 with 50% thermal ellipsoids [Freitag et a!, 19951 
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Figum 2.1.2. Packing diagram of S(NBu t)2 [Freitag et a!, 1995] 
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The structure obtained from the gas-phase electron diffraction [GED] experiment is 
affected by a vibrational shrinkage effect, but is free from any distortions due to interactions 
with other molecules. The conformation that the molecule adopts does not necessarily have 
to be the same in the solid and gas phase. During crystallisation, the molecules are subjected 
to intermolecular interactions so that it is not necessarily favourable for them to crystallise 
with the lowest energy conformation; in contrast, the gas-phase structure is usually close to 
the equilibrium geometry. 
The determination of a gas-phase structure by GED is often complicated by the 
presence of a large number of atoms, low molecular symmetry, and the problem of locating 
light atoms in the presence of heavy ones. As the number of atoms increases, the number of 
interatomic distances increases. Each distance within the molecule contributes an 
approximately Gaussian-shaped peak to the radial-distribution curve, the width of which is 
related to the amplitude of vibration for the pair of atoms involved. As the number of 
distances increases it is more likely that some of the peaks will overlap. It is usually difficult 
or impossible to determine the contributions of the individual components for the resulting 
feature. Symmetry within the molecule [either local or for the whole molecule] reduces the 
number of independent interatomic distances and hence the complexity of the radial-
distribution curve. The presence of light and heavy atoms in a structure can be problematic 
as the scattering involving the heavy atoms is greater than that from the light. The scattering 
from atom pairs involving light atoms may be swamped, and little structural information 
gained about their positions. 
There are 11 heavy atoms and 18 hydrogen atoms in S(NBu t)2 . Hydrogen atoms make 
up over half the total number of atoms, but the scattering powers of the C, N and S atoms 
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are much greater than that of H and thus it is expected that the coordinates of the hydrogen 
atoms will be poorly determined. 
The scattering intensity from a given interatomic pair [atoms i and j] not only 
depends on the scattering power of the atoms involved (Z 1, Z), but also on the multiplicity 
of the interatomic distance r1 . The total intensity gained from the NN non-bonded pair will 
be low in comparison with other heavy atom two bond interatomic distances as it has a 
multiplicity of only one. Therefore there will be little information available about the NSN 
angle from the N---N scattering. 
It is expected that the bonds between the heavy atoms in S(NBut)2 will be of similar 
lengths. Therefore the peaks in the Fourier transform of the molecular scattering from these 
bonds will be associated with the same region. Unresolved bond distances under the same 
peak in the radial distribution curve ale likely to be highly correlated and therefore difficult 
to refine separately. If the bonds between heavy atoms are of a similar length, the bond 
length parameters would usually be replaced by a weighted mean bond length and weighted 
bond length difference parameters. The new weighted parameters will be much less strongly 
correlated, and the weighted mean will be a well defined parameter. Thus at least one 
refinable parameter has been obtained. 
Similarly the two-bond interatomic distances will all be in the same region of the 
radial distribution curve, and so the bond angle parameters will also be correlated, and it may 
be expected that not all of them can be refined. 
It was envisaged that there would be a number of parameters for S(NBu t)2 which 
would be difficult to determine with a reasonable degree of accuracy by GED alone, such 
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as the NSN angle and the parameters for the hydrogen positions. Therefore additional 
geometrical information, from other experimental techniques [e.g. X-ray crystal structure 
determination and liquid-crystal nmr], theoretical calculations, or derived fn)m similar 
systems, is required. This information can be used either as a starting point for subsequent 
refinement or to fix certain parameters that are not well determined by GED. A b mu lo 
calculations are used in preference to the X-ray crystal structure data, because these 
calculations give the coordinates of the equilibrium structure of the free molecule, whereas 
the crystal structure models the centres of electron density and is affected by intermolecular 
forces. The GED structure gives the vibrationally averaged distances between the atomic 
nuclei, and is therefore closest to the ab initio calculated structure, particularly if it is 
corrected for vibrational effects. 
2.2. Experimental 
Data were collected using the Edinburgh gas diffraction apparatus [Huntley et a!, 
1980]. An accelerating voltage of Ca. 44.5 kV [electron wavelength 1 = Ca. 5.7 pm] was 
used, whilst maintaining the sample and nozzle temperatures at 343 and 383 K, respectively. 
Scattering intensities were recorded at nozzle-to-plate distances of 94 and 260 mm on Kodak 
Electron Image plates. The weighting points for the off-diagonal weight matrices, correlation 
parameters and scale factors for the two camera distances are given in Table 2.2.1., together 
with electron wavelengths, which were determined fnm the scattering patterns of benzene 
vapour, recorded immediately after S(NBu t)2 and analysed in exactly the same way to 
minimise systematic errors in wavelengths and camera distances. A Joyce-Loebl MDM6 
micmdensitometer [Cradock et a!, 1981] was used to convert the intensity patterns into digital 
form. Data reduction and least-squares refinements were carried Out using standard programs 
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Table 2.2.1. Nozzle-to-plate distances, weighting functions, correlation parameters, scale 
factors and electron wavelengths used in the electron diffraction study. 
Camera distance [mm] 93.51 260.03 
As 	[nm'] 4 2 
s, 	[nm'] 8 2 
sw 1 	[nm'] 100 40 
sw 2 	[nm] 296 140 
s, 	[nm'] 348 164 
Correlation parameter 0.1067 0.4727 
Scale factor, ka 0.691(13) 0.774(9) 
Electron wavelengthb [pm] 5.687 5.684 
a  Figure in parentheses are the estimated standard deviations 
b  Determined by reference to the scattering pattern of benzene vapour 
24 
[Cradock et a!, 1981; Boyd et a!, 1981], employing the scattering factors of Ross et a! [Ross 
et al, 19921. 
Structural Analysis: The parameters for the molecular model used to generate the 
atomic coordinates of S(NBu t)2  are those given in Table 2.2.2. With the sulfur atom defining 
the origin of an orthogonal coordinate system, the nitrogen atoms were defined to be in the 
xy plane, and their positions were calculated using a common S=N bond length and the NSN 
angle. The coordinates of the two substituent tertiary carbon atoms were calculated using a 
common N-C bond length, but different SNC angles and different NSNC torsion angles for 
the two individual tertiary-butyl groups. Differences between the S=N and N-C bonds with 
syn and anti substituents were not included in the GED model as the differences in the ab 
initio values are small. The two tertiary-butyl groups were assumed to be identical and to 
possess local C3  symmetry; the methyl groups were assumed to possess local C3,, symmetry. 
The coordinates of the methyl groups, prior to adjustment for the effect of the tertiary-butyl 
tilt parameters, were calculated as follows. The coordinates of the methyl carbon atoms were 
calculated assuming a common C-C bond length, a common CCC bond angle, and different 
SNCC torsion angles for the two individual tertiary-butyl groups. The coordinates of the 
hydrogen atoms were calculated assuming a common C-H bond length, CCH bond angle and 
NCCH torsion angle. With the tertiary-butyl tilt parameters set at 00  the C3 axis of the 
tertiary-butyl group was defined as coincident with the C-N bond for that substituent. A non-
zero tertiary-butyl tilt parameter was defined as the angle difference between the C3 axis of 
the tertiary-butyl group and the C-N bond, in the plane defined by the S atom and the C and 
N atoms of the C-N bond to a given substituent. The tertiary-butyl tilt was defined as being 
positive when the distance between the methyl groups closest to the sulfur atom increased. 
Thus a positive tertiary-butyl tilt parameter allows for motion of the tertiary-butyl due to 
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steric interactions, such that the NCC angle for methyl groups eclipsed or gauche to the 
sulfur atom can increase to relieve steric strain. 
The radial distribution curve for S(NBu') 2  [Figure 2.2.1.] has two peaks below 200 
pm, one for C-H, and one covering all the heavy-atom bond lengths: S=N, N-C and C-C. 
These heavy-atom bond lengths were found to be highly correlated when allowed to refine 
separately, because they are so similar. A weighted mean, WM = [(S=N)+(N-C)-f-3(C-C)]15, 
and two weighted differences, WD1 = (S-N)-[(N -C)+3(C -C)]/4  and WD2 = (C-C)-(N-C), 
were therefore used to replace the individual distances in the model. Similarly all the 
distances corresponding to pairs of atoms separated by two bonds appear under the broad 
peak centred at 250 pm, with the exception of the H  two-bond distance which constitutes 
a shoulder at 180 pm. The largest contributions to the peak at 250 pm are from the two-bond 
CC distances between methyl carbons of the tertiary-butyl groups and the two-bond NC 
distances. The contribution to the 250 pm peak from the NN distance is relatively low, and 
consequently the NSN angle will be poorly determined. The shoulder at 220 pm is due to the 
two-bond C ... H distance, and this helps to define the CCH angle. The remainder of the curve 
beyond 300 pm depends on the molecular conformation; there are no distinct features and 
consequently it seemed likely that the conformation would be poorly determined with the 
esds of the torsional parameters being large. The major features in the radial distribution 
curve between 300 and 400 pm arise from the three-bond S"C distances, with smaller 
contributions from the three-bond N ... C distances. 
The molecular parameters obtained from the ab iniiio calculations were used as the 
starting parameters for refinement. Initially amplitudes of vibration were assigned values 
derived from similar systems. As the conformation adopted by S(NBu t)2 in the gas phase was 
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unknown, two sets of refinements were carried out in parallel, with syn,an:i and anli,anli 
conform ations. 
For the syn,anti conform ation initial refinements were undertaken with a planar heavy 
atom skeleton [NSNC(l) = O, NSNC(2) = 180°1. Altering the NSNC torsion angles has a 
large effect on the interatomic distances within the molecule and at first, when the structure 
was poorly determined, these angles tended to vary over a wide range in an attempt to 
improve the fit. The order of r(S=N'), r(N-C) and r(C-C) was maintained as for the theoretical 
geometry by fixing WD1 and WD2, and the NSN angle, the parameters involving hydrogen 
[C-H bond length, CCH bond angle and the NCCH torsion angle] and the tertiary-butyl tilt 
parameters were also fixed at their theoretical values in the initial refinements as they were 
likely to be poorly defined. 
With the above restrictions, the R-factor approached 0.16 with the following 
parameters refining simultaneously: the weighted mean heavy-atom bond length WM, the 
SNC(l), SNC(2) and CCC bond angles, and the SNCC(l) and SNCC(2) torsion angles. 
Investigation of the amplitudes of vibration [u] for the bonded peaks [S=N, N-C, C-C] 
revealed that only one amplitude could be refined, to which the others had to be tied. A 
series of refinements of u(S=N) were done with the individual ratios to u(N-C) and u(C-C) 
fixed at various values in the range 0.50 to 1.75, and the ratios were subsequently fixed at 
the values giving the lowest R -factor. A common vibrational amplitude was refined for all 
of the two-bond distances between heavy atoms under the peak centred at 250 pm. Two 
groups of three-bond distances between heavy atoms were observed for the two features in 
the radial-distribution curve between 300 and 400 pm and so two common amplitudes of 
vibration were refined for these distances. The rest of the radial distribution curve [r ~t 400 
pm] is due mainly to the scattering between the carbon atoms of methyl groups on opposite 
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tertiary-butyl groups; as there are no distinct features in this part of the curve, the vibrational 
amplitudes for these distances were all refined together as a single parameter. The C-H bond 
distance and its vibrational amplitude were also introduced into the refinement at this stage, 
as the C-H peak is well resolved in the radial distribution curve. 
With the introduction of the vibrational amplitudes, it was possible to refine the 
NSNC torsion angles and the difference parameters for the heavy-atom bond lengths, WD1 
and WD2. The remaining parameters involving hydrogen [the CCH angle and NCCH torsion 
angle] and the NSN angle were the last to be introduced into the refinement. The tertiary-
butyl tilts were not stable when introduced into the final refinement, and so a series of 
refinements were done with them fixed at various values in the range 0 to 100,  and they were 
subsequently fixed at the values giving the lowest R-factor. 
The R-factor obtained for the final refinement was 0.065. There were only six 
elements in the least-squares correlation matrix with absolute values over 60%: vibrational 
amplitude u[S(1)C(2)] and the torsion angle SNCC(1) 62%; the two NSNC torsion angles - 
63%; weighted difference [WOl] and torsion angle NSNC(2) -70%; NSN and SNC(1) -81%; 
weighted difference [WD1] and the weighted mean of the heavy atom bond lengths [WM] 
-82%; weighted difference [WD1] and torsion angle SNCC(1) -84%. The atomic coordinates 
are given in Table 2.2.3. and the major interatomic distances and amplitudes of vibration are 
given in Table 2.2.4. Figure 2.2.2. shows the molecular intensity curves and Figures 2.2.3. 
(a) and (b) are views normal and parallel to the C-N=S=N-C plane. 
The anti,anli configuration was refined assuming C2 symmetry, as predicted by the 
ab initio calculations. The refinement proceeded as with the syn,anhi configuration, and gave 
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Table 2.2.2. Molecular parameters for S(NBu t)2  [lengths in pm and angles in 
O] 
anti,anhi anti ,anti syn,anti syn,anti syn,anti 
GED ab intio X-ray GED ab inilio 
r(SN) 149 . 9(4)8 150.4 152.3(2) 153 . 4(2)8 149.7 
154.0(2) 151.0 
?(N-C) 153 . 3(3)8 146.9 147.8(2) 146 . 5(3)8 146.8 
148.6(2) 147.1 
i(C-C) 1563(2)b 153.5b 
1522(3)b 154.1(3)" 1534b 
i(C-H) 111 . 1(2)b 108 . 5b 96.8(13)" 111.6(2)" 108.5" 
NSN 111.5(19) 112.0 118.1(1) 116.8(10) 118.3 
SNC(1) 123.0(5) 121.9 128.0(1) 128.0(7) 130.6 
SNC(2) 123.0(5) 121.9 118.1(1) 120.1(9) 122.3 
CCC 111.3(4)" 109.&' 110.0(2)" 110.6(3)" 109.6" 
CCH 1092(6)" 110.7 b 109.5(fixed) 110.9(5 )b 110.5 
b 
NSNC(1) 175.5(17) 180.0 -2.0(2) 3.3(81) 0.0 
NSNC(2) 175.5(17) 180.0 -179.3(1) 179.1(45) 180.0 
SNCC(1) 25.0(8) 0.0 59.6(2) 54.0(35) 61.6 
SNCC(2) 25.0(8) 0.0 11.4(2) -18.4(14) -0.2 
NCCH -113.0(18) -60.0 -77.6(20) -65.0 
tilt But(1)c 0.9(9) 6.5 0.0 3 . 0d 3.7 
tilt B ut(2)c 0.9(9) 6.5 0.7 3.0" 6.1 
Figures in parentheses are the estimated standard deviations, chemically equivalent 
distances were constrained to be equal, "Mean values, 
C  tilt of C3 axis of tertiary-butyl group 
in SNC plane, d not refined, but determined by a series of refinements with various fixed 
values. 
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Table 2.2.3. Atomic coordinates for GED syn,anti-S(NBu t)2 . 
Atom x y z 
S(1) 0.000 0.000 0.000 
 1.307 0.804 0.000 
 -1.307 0.804 0.000 
 1.471 2.258 0.066 
 -2.597 0.110 -0.020 
 0.721 2.821 1.289 
 2.988 2.492 0.206 
 0.943 2.895 -1.234 
 -2.437 -1.349 -0.493 
 -3.176 0.157 1.407 
 -3.492 0.900 -0.995 
 -0.376 2.881 1.090 
 0.875 2.172 2.184 
 1.083 3.847 1.540 
 3.333 2.258 1.242 
 3.558 1.843 -0.502 
 3.250 3.555 -0.013 
 1.631 2.686 -2.088 
 -0.064 2.489 -1.496 
 0.851 4.002 -1.127 
 -2.257 -1.393 -1.593 
 -1.575 -1.841 0.019 
 -3.356 -1.942 -0.269 
 -2.685 -0.602 2.061 
 -3.021 1.162 1.867 
 -4.273 -0.053 1.398 
 -3.813 1.869 -0.544 
 -2.947 1.125 -1.943 
 -4.409 0.319 -1.254 
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Table 2.2.4. Intermolecular distances (r / pm) and amplitudes of vibration (u / pm) for 
GED syn, anti-S(NBut)2 .' 
Atom pair Distance Amplitude 
d1 S(1) - N(1) 153.4(2) 4.0(1) 
d2 N(2) - C(1) 146.5(7) 6.2(tied to u1 ) 
d3 C(1) - C(11) 154.1(3) 5.5(tied to u1 ) 
d4 C(11)-H(111) 111.6(2) 7.4(2) 
d5 S(1) - C(1) 269.6(9) 6.9(6) 
d6 S(1) - C(2) 259.9(11) 6.9(tied to u,) 
d7 N(1) - N(2) 261.4(15) 6.9(tied to u,) 
d8 N(1) - C(11) 246.5(4) 6.9(tied to u5 ) 
d9 N(1) - C(12) 239.1(3) 6.9(tied to u,) 
d10 N(1) - C(13) 245.5(5) 6.9(tied to u,) 
d11 N(2) - C(21) 248.0(4) 6.9(tied to u,) 
d12 N(2) - C(22) 242.8(4) 6.9(tied to u5 ) 
d13 N(2) - C(23) 240.3(4) 6.9(tied to u3 ) 
d14 C(1) - H(111) 220.2(7) 6.9(tied to u5 ) 
d15 C(11) - C(12) 253.4(6) 7.7(fixed) 
d16 S(1) - C(11) 318.4(25) 11.6(16) 
d17 S(1) - C(13) 328.5(29) 11.6(tied to u16 ) 
d18 S(1) - C(21) 282.9(23) 11.6(tied to u16) 
d19 S(1) - C(22) 347.8(18) 11.6(tied to u16 ) 
d20 N(2) - C(1) 313.6(13) 11.6(tied to u16) 
d21 S(1) - C(12) 389.6(5) 12.4(tied to u23 ) 
422 S(1) - C(23) 374.1(11) 12.4(tied to u) 
423 N(1) - C(2) 396.5(14) 12.4(11) 
424 NC 314.0 to 490.0 15.1(fixed) 
d2 , C(1) - C(2) 460.1(14) 15.1(fixed) 
426 C ... C 448.0 to 678.0 21.3(21) 
1  Other SH, NH and C ... H distances were included in the refinement but are not listed here. 
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Figure 2.22. Observed and final weighted-difference molecular scattering curves 
[s I nnl'] for syn,anti S(NBut)2 at nozzle-to-plate distances of (a) 260 mm [top figure] and 
(b) 94 mm [bottom figure] 
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view normal to plane through CNSNC backbone 
view parallel to plane through CNSNC backbone 
Figuie 213. Molecular plots of syn,anti S(NBu t)2 GED structure 
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a final R-factor of 0.071. The parameters for this refinement are given in Table 2.2.2., and 
the difference radial distribution curve is shown in Figure 2.2.1. The values of the heavy-
atom bond lengths are not in agreement with the ab initio predicted values, so attempts were 
made to refine an anzi/Jnti conformation with the order of the r(S=N), ,(N-C) and ,(C-C) 
fixed as calculated theoretically. However, significantly higher R-factors [R 0 > 0.101 were 
obtained with either one or both of the parameters WD1 and WD2 fixed at the at' initio 
values. 
2.3. Discussion 
Two structures, with widely different conformations and bond lengths, fit the GED 
data well. We believe that the syn,anti structure is the correct one, for three reasons. First, 
this structure provides a better fit to the election diffraction data, with R 0 = 0.065, compared 
to R 0 = 0.071 for the anti,anti conformation. Secondly, the syn,anzi conformation is 
calculated to be 28.8 kJ mol' more stable at the HF/631G*/fHF/63lG* level [27.6 kJ mol' 
with ZPE]. Single point energy calculations reveal that the optimum syn,anti GED structure 
is only 20.9 kJ mol' higher in energy than the corresponding MP2/6-3 1G* at' iniiio 
structure, whereas for the anti,anti conformation the energy difference is much higher at 
223.6 kJ mo1 1 . Thirdly, the syn,anhi structure closely resembles that determined in the 
crystalline phase, whereas the anzi,anli structure has not only a different conformation, but 
also individual bond lengths and angles which differ from those in the crystal, and from those 
in related compounds. Of course, it is not possible to exclude the possibility that two 
conformers coexist in the gas phase, but there is no evidence for this from spectroscopic 
obseryations. 
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We must therefore explain why two such different structures fit the data so well. This 
is possible when two circumstances arise together. First, the part of the radial distribution 
curve above 300 pm, which gives conformational information, is almost featureless. The 
Fourier transform of such a simple, broad peak is an oscillating pattern which decays very 
rapidly - so rapidly that there is little inform ation about it above s = 20 run-', the low limit 
for which we can collect data. Secondly, the strongly correlated sets of bond lengths and 
angles, caused by overlap of bonded and two-bonded distances around 150 and 250 pm 
respectively, provide the flexibility which allows an incorrect conformation to give an 
apparently acceptable fit to the data. But this fit can only be reached by allowing parameters 
to move to unreasonable values, so provided care is taken, there is no insuperable problem 
Comparison of parameters defining the C-N=S=N-C backbone for the GED, ab initio 
and crystal structures [Table 2.2.2.] reveals good agreement throughout. Of the heavy-atom 
bond lengths whose parameters were difficult to refine in the GED structure, the S=N bond 
length has the worst agreement with the mean ab inizio value. This might in part be 
accounted for the fact that the ab inhtio computation does not take account of electron 
conelation; bonds of order two are most prune to error in this approximation. 
The syn,anti GED structure follows the trends observed for sulfur di-imides in 
general, in that the SNC angle for the syn substituent is significantly larger than that for the 
anti. The large standard deviations for the NSNC torsion angles in the GED structure are 
consistent with the molecule being effectively planar in the gas phase. Apparent small 
deviations from planarity are probably due to vibrational shrinkage effects. In contrast, the 
small deviation of the CNSNC backbone from planarity in the crystal structure [deviation 
from mean plane only 0.005 A] is presumably due to packing effects. 
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CHAPTER 3 
Detenninalion of the Structum of the Single Isomer of 3,4-Dibmmotetrahydmthiophene- 
1,1-dioxide Obtained by the Addition of Molecular Bromine to Tetrahydiithiophene-1,1- 
dioxide 
3.1. Intmduction 
It is generally assumed that the mechanism of the electrophilic addition of molecular 
bromine to an alkene proceeds through a bridged bromonium ion intermediate, followed by 
an anti attack of a bromide ion [De la Maire el a!, 1982]. The exception to this rule is the 
bromination of 3-thiabicyclo[3 .2. 0]-hept-6-ene-3 ,3 -dioxide [Displayed structure 3.1.1.], which 
yields substantial amounts of the cis-isomer [Cadogan et a!, 1985]. 
F-CSO 2 
Displayed Stnictui 3.1.1. 3 -Thi abicyclo [3.2. 0]-hept-6-ene-3 ,3-dioxide 
The explanation for this suggested by Cadogan and Gillam et at [Cadogan et a!, 
1985; Gillam, 1990] is that the mechanism of the bromination of 3-thiabicyclo[3.2.0]-hept-6-
ene-3,3-dioxide proceeds via an open carbocation intermediate which is stabilised compared 
to the usually favoured bridged bromomum ion. It is thought that the remote SO 2 group 
stabilises the carbocation by a through-space long range coulomb interaction, which allows 
either a syn or anti attack of the bromide ion. This unprecedented loss of stereoselection in 
the bromination of a non-conjugated alkene prompted an investigation into the effect of the 
SO2  groups on the bromination of 2,5-dihydrothiophene-1,1-dioxide [Displayed structure 
37 
3.1.2.]. The structural study of the single isomer of 3,4-dibromotetrahydrothiophene-1,1-
dioxide [Displayed structure 3.1.3.] obtained was undertaken to determine the stereochemistry 
of the product [Gillam, 19901. 
CSO 
2 
Displayed Structure 3.1.2. 2,5-Dihydrothiophene- 1,1 -dioxide 
Br 
BrI 2 
Displayed Structure 3.13. 3 ,4-Dibrom otetrahydrothiophene- 1,1 -dioxide 
The structure has been previously attempted from a data set collected using a crystal 
at room temperature [Gillam, 19901. Salient crystal data for the room temperature structure 
are: C 4H6Br2 S02 orthorhombic crystals, space group Pbca, cell dimensions a = 5.498(8), b 
= 13.186(15), c = 21.544(25) A [one unique molecule per asymmetric unit, eight molecules 
per unit cell]. The room temperature data set has systematic absences in the following zones: 
Oki with k = odd, hO! with 1 = odd and hk0 with h = odd. The space group is thus uniquely 
determined as Pbca [note, average E2-1I for all data is 1.27]. This structure was solved by 
Patterson methods using SHELXS-86 [ Sheldrick, 1990]. The structure showed extensive 
disorder, especially at C(3) and C(4), which had large anisotropic displacement parameters 
elongated in a direction approximately perpendicular to the plane of the ring. This is 
normally indicative of disorder. The bromine atoms of the room temperature structure are 
equatorial to the ring. Both isomers can adopt this conformation, and the disorder present can 
be explained in terms of the superposition of either two meso [R,S-] cis-dibromides with C(3) 
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and C(4) eclipsed, or the racemic [RI?- and S,S-] trans-dibimides with C(3) and C(4) 
staggered. As the tom temperature structure of 3,4-diblDmotetrahydmthiophene showed 
extensive disorder, and gave a high R-factor [R 1 = 0.11 for the 346 data with 1F 21> 2a(F2)], 
studies of the low temperature crystal structure and gas phase structure by election diffraction 
were undertaken. 
3.2. X-ray Expenmental 
A colourless plate suitable for X-ray analysis was obtained by slow cooling of a 
saturated ethyl acetate solution. Data were collected on a Stoë Stadi-4 four circle 
diffractometer using graphite monochiomated MoKcx radiation, at 150 K. The unit cell was 
determined from accurate 20 values for 17 reflections with 20 = 10-20 0. An co-20 scan with 
on-line profile-fitting was used. Three standard reflections were collected every 60 mm; the 
maximum drift was 1%. Data reduction was performed with REDU4 [Stod & Cie, 1990], and 
no absorption corrections were made. Crystal data are given in Table 3.2.1. 
3.3. X-ray Results 
The unit cell obtained at low temperature is very similar to the mom temperature cell 
[the room temperature unit cell is slightly larger, due presumably to thermal expansion, with 
a = 5.498(8), b = 13.186(15), c = 21.544(25) A c.f. low temperature unit cell of a = 5.432(2), 
b = 12.994(1), c = 21.298(16) A. This indicates that the structures are similar at both 
temperatures, and so it was assumed that the low temperature structure could be solved by 
substitution of the coordinates of a bromine atom from the mom temperature solution. 
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Reflections with I> 2a(I) 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I> 2a(I)] 
R indices (all data) 








a = 5.432(2) A 
b = 12.9940(10) A 
c = 21.298(16) A 
1503.3(13) A3 
8 
2.456 Mg m 3 
10.988 mm' 
1056 
0.8 x 0.4 x 0.2 mm 
3.14 to 27.48 0 
0:5h<7 
0:5 k !~ 16 




Full-matrix least-squares on F2 
1648 / 62/160 
1.091 
R 1 = 0.0437, wR 2 = 0.1231 
R 1 = 0.0550, wR 2 = 0.1279 
0.972 and -0.952 e A 3 
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However, the space group of the low temperature data set is not Pbca, as there is a 
significant number of weak reflections in the zone hkO with h odd [reflections in the hkO 
zone with F> 6a are given in Table 3.3.1.1. These reflections break the absence conditions 
for the a-glide observed in the mom temperature data set, so the space group of the low 
temperature structure could be either Pbc2 1 or Pbcm. If as expected [due to the similar unit 
cells] the structures are closely related at both temperatures, the molecules related by the a-
glide in the room temperature structure, are now unrelated. This is possible for either Pbc2 1 , 
or Pbcm if the mirror plane goes through the molecules. The other possibility is that there 
is a significant change in the packing so that the molecules are now related by the min -or 
plane of Pbcm. 
Both scenarios for Pbcm are unlikely. If there is a crystallographic mirror plane 
passing through the molecular sites the structure must be extensively disordered, as the 
molecule cannot possess a mirror plane. If there is a mirror plane relating a pair of molecules 
to one another, the packing scheme would be a significantly different to that of the room 
temperature structure. In this case, it is unlikely that the unit cells would be so similar. 
Consequently the space group is expected to be Pbc2 1 . The structure can be very similar to 
the mom temperature one, as the differences in the systematic absences can be achieved by 
a small change in the crystal packing to remove the a-glide. Also, the average 1E 24I for all 
data is 0.83 [c.f. 1.27 for the room temperature data and theoretical values of 0.97 for centric, 
and 0.74 for acentric data], and the results from the N(z) test [Table 3.3.2.] predict that the 
general data hkl are non-centrosymmetric, further indicating that the space group is the non-
centrosymmetric Pbc2 1 as opposed to the centrosymmetric Pbcm. 
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Table 3.3.1. Significant (F> 6cs) hk0 reflections with h = odd for low temperature data 
set. 
h 	k / 10F0 1OF lOa 
1 	2 0 76 61 6 
3 	2 0 126 98 9 
1 	3 0 434 415 6 
1 	4 0 134 135 6 
5 	4 0 166 164 17 
1 	5 0 87 90 11 
3 	5 0 441 402 12 
5 	5 0 220 229 14 
1 	6 0 345 370 6 
3 	6 0 461 461 8 
1 	7 0 358 331 11 
3 	7 0 276 271 9 
1 	8 0 140 163 1.3 
3 	8 0 182 174 14 
5 	8 0 237 228 18 
1 	9 0 305 311 8 
1 	11 0 193 111 18 
1 	12 0 339 329 13 
3 	12 0 356 351 14 
3 	13 0 301 304 20 
1 	15 0 623 591 14 
42 
Table 33.2. N(z) test results for the general data hkl after renormalisation 
z hkl centric acentric 
0.1 14.34 24.81 9.52 
0.2 26.59 34.53 18.13 
0.3 34.35 41.87 25.92 
0.4 42.12 47.38 32.97 
0.5 47.57 52.05 39.35 
0.6 53.10 56.14 45.12 
0.7 57.80 59.72 50.34 
0.8 61.24 62.89 55.07 
0.9 64.90 65.72 59.34 
1.0 68.48 68.33 63.21 
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There are two unique molecules per asymmetric unit [differentiated by prime and 
non-prime], and the structure was solved by substitution of the coordinates of a bromine atom 
from the room temperature structure followed by Fourier maps to determine the position of 
the remaining non-hydrogen atoms. The coordinates of the bromine atoms for the two 
independent molecules in the asymmetric unit were found in first Fourier map, and the 
remaining non-hydrogen atoms were found in subsequent Fourier maps; the structure was 
then refined by full-matrix least-squares with SHELXL-93 [ Sheldrick, 1994]. The bonds to 
C(3) and C(4) of both molecules were initially restrained, as it was expected that their 
positions would be poorly determined due to disorder [all C-C and C-Br bonds were 
restrained to be 1.53 and 1.95 A respectively with effective esds of 0.01 A]. Hydrogen atoms 
were difficult to locate in the Fourier maps, and so are included at calculated positions with 
isotropic thermal parameters 1.5 times the equivalent isotropic displacement parameter of the 
atom to which they are bonded. 
Anisotropic displacement parameters were refined for the non-hydrogen atoms. 
However, C(3) and C(4) gave large parameters, elongated in a direction approximately 
perpendicular to the plane of the ring, and so they were refined isotropically. The coordinates 
of the two independent molecules obtained from this model were observed to possess 
pseudosymmetry relating them to one another [pseudo a-glide]. However, the anisotropic 
displacement parameters of the pseudo-related bromine-atoms were significantly different. 
The anisotropic displacement parameters for this refinement are as follows [U x  io Al. 
U11 U22 U33 U23 U13 U12 
 301(13) 410(9) 320(12) -75(9) -55(15) -149(8) 
Br(T) 250(11) 376(9) 298(11) -59(8) 73(15) 103(7) 
 444(15) 293(9) 328(12) 92(9) -1(15) 116(7) 
Br(4') 342(12) 287(8) 295(10) 57(8) 116(14) -80(7) 
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The pseudosymmetry was therefore broken by making shifts in the coordinates of one 
pair of bromine-atoms, as indicated by the unrelated anisotropic displacement parameters. The 
converged structure with this model clearly had both independent molecules corresponding 
to the trans-isomer, and gave R 1 = 0.055 for the 1370 data with 1F21> 2a(F2). 
The isotropic thermal parameters of C(3) and C(4) for both molecules were high 
[isotropic displacement parameters C(3): 0.0293(39), C(4): 0.0762(90), C(3'): 0.0635(77) and 
C(4'): 0.023(34) A2i. However, significant peaks of the order 2 e k3 were still observed in 
the Fourier maps, corresponding to alternative positions for C(3) and C(4) of trans-isomers. 
These alternative positions [labelled B] were included in the final model with isotropic 
thermal parameters, and a disordered hydrogen in an ideal geometry. A relative site 
occupancy factor of the disordered atoms was refined for each of the independent molecules. 
Separate site occupancies were refined as there is no crystallographic reason for the site 
occupancies of the independent molecules to be the same. The bond-length restraints for the 
disordered carbons were replaced by refining bond-length restraints. Three different groups 
of chemically similar bonds to the disordered atoms were identified as suitable for such 
restraints: (i) carbon-bromine single bonds, (ii) carbon-carbon single bonds between the 
methylene and bromine-substituted carbons e.g. C(2)-C(3) and (iii) and carbon-carbon single 
bonds between the bromine substituted carbons e.g. C(3)-C(4). Thus three new refining bond-
length restraints were applied, each with an effective esd of 0.03 A. These restraints do not 
preclude the disordered atoms refining to positions corresponding to the cis-isomers. 
Restraints (i) and (iii) do not depend on which isomer is present. Restraint (ii) is set up 
specifically for the trans-isomer, however, if the cis-isomer was present it could refine to a 
distance different to that expected for a carbon-carbon single bond, while the C(3)-C(4B) and 
C(3B)-C(4) distances would approach this value. The esds on the bonds to the disordered 
atoms increased dramatically when the restraints were removed, e.g. C(3)-C(4) with restraint 
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= 1.525(16) A and without restraint = 1.529(24) A. The effect was most pronounced for the 
bonds to the minor component of the disorder, e.g. C(3B)-C(4B) with restraint = 1.524(24) 
A and without restraint = 1.532(60) A, indicating that the disordered atoms are poorly located 
without the restraints. When the disordered atoms were refined with anisotropic displacement 
parameters, they became non-positive definite. Thus in the final refinement the restraints (1), 
(ii) and (iii) were included and the disordered atoms were refined isotropically. 
At final convergence wR 2 = 0.128 for all data, R 1 = 0.044 for all the 1370 data with 
1F21 > 2a(172), S = 1.09 for 159 parameters. The final AF synthesis showed no peaks outside 
the range -0.95 to 0.97 e A 3 , with the largest peaks and troughs all located near the bromine 
atoms. The possibility that these features are due to the bromine atoms being disordered was 
discounted, as the anisotlDpic thermal parameters of the bromine atoms are not unusually 
large or elongated along any direction. The relative site occupancy factors for the two 
disordered regions converged to 0.66(3) and 0.79(3) for the non-prime and prime molecules 
respectively. 
To test whether this was a false minimium for the trans-dibiomide structure, restraint 
(ii) was removed and rigid-bond restraints were applied forcing the model to be the cis-
dibiumide, i.e. C(3)-C(4B) and C(3B)-C(4) for both molecules were restrained to be 1.525 
A with an effective esd of 0.01 A. Site occupancies were also refined for the disordered cis-
isomer. The structure converged with R 1 = 0.57 for all the 1370 data with 1F 21> 2a(172). The 
converged site occupancy factors were effectively 0.5 [0.54(3) and 0.58(4) for C(3B)-C(4) 
of the non-prime and prime molecules respectively]. The site occupancy factors are likely to 
be 0.5, as this is the average site occupancy factor of C(3B) and C(4) for the trans-structure. 
The isotropic thermal parameters for the disordered atoms refined to unusually high and low 
values for each atom, e.g. U1, 0 / A2  for C(4) = 0.00463(461) and C(4B) = 0.07039(1718). This 
IR 
indicates that the disordered atoms have been forced into unacceptable positions. The rigid 
bond-length restraint was replaced by a refining bond-length restraint [with an effective esd 
of 0.03 A], to allow the disordered atoms to move to better positions. The bond-lengths 
obtained were then too short to be carbon-carbon single bonds, C(3)-C(4B) 1.293(22), C(3B)-
C(4) 1.296(23), C(3')-C(4'B) 1.310(29) and C(3'B)-C(4') 1.319(22) A. Thus, the structure will 












Figure 3.31. Packing diagram of C 4H6 S02Br2 
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Table 33.3. Bond lengths (pm) and angles (°) determined by X-ray diffraction' 
Non-prime Prime 
molecule molecule 
S(1)0(11) 144.4(12) 144.1(11) 
S(1)0(12) 143.8(14) 142.7(12) 
S(1)C(2) 180.4(14) 177.8(14) 
S(1)C(5) 182.3(13) 178.2(14) 
C(2)C(3) 153.8(16) 155.2(15) 
C(3)C(4) 152.5(16) 152.6(17) 
C(4)C(5) 155.4(16) 152.1(16) 
C(3)Br(3) 194.2(14) 194.5(14) 
C(4)Br(4) 196.4(13) 193.8(13) 
O(11)S(1)0(12) 117.2(8) 118.1(7) 
C(2)S(1)C(5) 96.1(6) 96.7(5) 
O(11)S(1)C(2) 111.0(6) 111.8(7) 
0(12)S(1)C(2) 110.3(8) 108.8(7) 
O(11)S(1)C(5) 109.9(7) 110.5(6) 
0(12)S(1)C(5) 110.3(6) 108.8(6) 
S(1)C(2)C(3) 105.3(9) 104.1(7) 
S(1)C(5)C(4) 99.1(8) 101.2(8) 
C(2)C(3)C(4) 103.9(11) 104.0(11) 
C(3)C(4)C(5) 104.1(11) 103.0(11) 
C(2)C(3)Br(3) 111.7(10) 109.6(10) 
C(4)C(3)Br(3) 114.0(11) 113.6(10) 
C(3)C(4)Br(4) 112.3(10) 111.3(10) 
C(5)C(4)Br(4) 109.2(9) 109.6(10) 
S(1)C(2)C(3)C(4) -34.5(15) -35.3(14) 
S(1)C(5)C(4)C(3) -52.4(13) -51.5(13) 
C(2)S(1)C(5)C(4) 27.8(11) 27.1(11) 
C(5)S(1)C(2)C(3) 3.2(12) 4.6(12) 
C(2)C(3)C(4)C(5) 58.0(15) 57.3(15) 
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S(1)C(2)C(3)Br(3) -157.8(9) -157.1(8) 
S(1)C(5)C(4)Br(4) -172.5(7) -170.1(8) 
C(2)C(3)C(4)Br(4) 175.9(11) 174.7(11) 
C(5)C(4)C(3)Br(3) 179.7(11) 176.4(10) 
Br(3)C(3)C(4)Br(4) -62.3(14) -66.2(14) 
a  Molecular parameters for major component of disordered structure only; figures in 
parentheses are estimated standard deviations. 
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Table 3.3.4. Atomic coordinates [x  io] and equivalent isotropic displacement parameters 
[A 2 x iO] for Sobers. U is defined as one third of the trace of the orthogonalized U, 
tensor. 
X y Z Ueq 
S(1) 6323 (7) 1214 (2) 1527(2) 19(1) 
0(11) 8900(21) 957(7) 1583(6) 30(3) 
0(12) 4980(27) 1383 (7) 2100(6) 37(3) 
 4731(29) 296(9) 1039(7) 25(3) 
 4052(32) 887(10) 438(8) 14(4) 
 3518(31) 1975(10) 669(7) 11(4) 
 5940(27) 2308(8) 1000(7) 27(4) 
Br (3) 1318(3) 246(1) 0 33(1) 
Br (4) 2819(3) 2928(1) -24(1) 35(1) 
S(1 1 ) 1329(7) 3661(2) 2255(2) 18(l) 
0(11 1 ) 3916(19) 3891(6) 2205(6) 25(2) 
0(12 1 ) -34(22) 3514(7) 1689(5) 30(2) 
 -240(31) 4574(8) 2730(6) 23(3) 
 -948(30) 3962(11) 3329(7) 22(4) 
 -1520(32) 2884(10) 3085(7) 23(4) 
C(5 1 ) 850(23) 2578(9) 2754(7) 24(3) 
Br (3') -3727(3) 4623(l) 3740(l) 32(l) 
Br(4 1 ) -2166(3) 1938(1) 3769(1) 32(1) 
C(3B) 3036 (60) 1023 (17) 650 (13) 19(9) 
C(4B) 4718(61) 1857(17) 388(13) 25(10) 
C(3'B) -2008(74) 3828(20) 3086(17) 14(13) 
C(4 1 B) -290(74) 3030(19) 3370(14) 7(12) 
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Table 3.3.5. Anisotropic displacement parameters [A2 x  iO] for Sobers. The 
anisotropic displacement factor exponent takes the form: 
2 ir 2 [h2 a*2 U11 + ... + 2hka*b* U12 ] 
U11  1;2 U23 U13 U12 
S(1) 20 (2) 13(l) 25(2) -2(1) -4(2) 6 (1) 
0(11) 25(6) 29(5) 34(6) -4(4) -10(6) 6(4) 
0(12) 53 (8) 27(4) 29(7) -4(4) -3(6) 6 (5) 
C(2) 18(8) 20(6) 37(9) -11(5) -8(7) 5(5) 
C(5) 50(10) 9(5) 22(6) -3(4) -23(7) 6(5) 
Br (3) 28(1) 41(1) 31(1) -8(1) -6(1) -13(1) 
Br (4) 40(l) 31(1) 33(l) 9(1) -2(1) 11 (1) 
S(1 1 ) 19(2) 14(1) 21(2) -2(1) 6(2) -4(1) 
0(11 1 ) 15(5) 20(4) 39(6) 8(4) 5(5) -2(3) 
0(12 1 ) 30(6) 36(5) 24(6) -7(4) -5(5) -19(4) 
C(2') 44(10) 10(5) 14(7) 6(4) -6(7) -4(5) 
C(5') 22(7) 11(5) 38(8) -6(5) 14(6) 2(5) 
 28(l) 38(l) 31(1) -6(1) 7(1) 12(1) 
 38(l) 28(l) 30(l) 6 (1) 10(1) -10(1) 
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Table 3.3.6. Hydrogen coordinates [x  10] and isotropic displacement parameters [A 2  x 
10] for Sobers. 
X Y Z Ueq 
H(21) 5799(29) -280(9) 939(7) 37 
H (22) 3274 (29) 37(9) 1250 (7) 37 
 5486(32) 904(10) 159(8) 21 
 2150(31) 1969(10) 969(7) 16 
 5737(27) 2947(8) 1229(7) 40 
 7304 (27) 2373 (8) 708 (7) 40 
H(2'1) 808(31) 5156(8) 2830(6) 34 
H(2'2) -1711(31) 4822(8) 2521(6) 34 
 458 (30) 3935 (11) 3617 (7) 32 
 -2902(32) 2899(10) 2790(7) 35 
H(5'1) 660(23) 1946(9) 2517(7) 36 
H(5'2) 2186(23) 2500(9) 3052(7) 36 
H(3B) 1822(60) 1339(17) 931(13) 29 
H(4B) 5957(61) 1566(17) 104(13) 38 
H(3'B) -3182(74) 3508(20) 2796(17) 21 
H (4 '3) 948 (74) 3333 (19) 3649 (14) 11 
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3.4. X-ray Discussion 
The crystal structure of3,4-dibmmotetrahydmhydiuthiophene-1 ,1-dioxide is described 
by the superposition of two meso isomers at two independent sites. The bromine atoms am 
equatorial to the ring atoms, so that there is a plane through the ring and bromine atoms [see 
Table 3.4.1.], with the disordered atoms furthest from the least-squares plane. The disorder 
can be attributed to the bulky bromine atoms which hinder close packing in the vicinity of 
the disordered atoms, generating the necessary space for the alternative positions. It is 
unlikely that the molecules are the cis-conformers, as the distances C(3)-C(4B), C(3B)-C(4), 
C(3')-C(4'B) and C(3'B)-C(4') for the converged trans-structure are too short [1.3 16(32), 
1.265(32), 1.266(36) and 1.255(38) A respectively] to be the C-C single bonds of the cis-
conformers. 
The disorder occurs in both of the independent molecules with different site 
occupancies for the major components [0.79(3) and 0.66(3) for the prime and non-prime 
molecules respectively]. The distances between the major and minor components of C(3), 
C(4), C(3') and C(4') are 0.735(32), 0.898(32), 0.794(38) and 0.922(36) A respectively, so 
the disorder is resolved. The minor components are presumably less abundant because of the 
presence of short intermolecular contacts to the disordered hydrogens H(3B) and H(3B), 
which are considerably shorter than the sum of the van der Waals radii involved: 
H(3'B)"O(ll')(-l+x,y,z) 2.079(36) A and H(3B) ... 0(11)(-l+x,y,z) 2.167(30) A. 
The corresponding contacts for the major components of the disorder are longer 
H(4') 0(1 l')(-l+x,y,z) 2.490(18) A and H(4)O(1 1)(-1+x,y,z) 2.560(1 8) A. 
Thus it is more favourable for the molecules to pack in the major position, as there is more 
space for them to pack, giving intermolecular contacts with more usual lengths, and thus a 
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S(1) -0.133(9) -0.116(9) 
 0.058(13) 0.078(13) 
 0.385(16) 0.404(16) 
C(3B) -0.349(31) -0.388(39) 
 -0.417(16) -0.425(17) 
C(4B) 0.478(29) 0.495(35) 
C(S) 0.094(13) 0.057(13) 
 -0.040(13) -0.055(14) 
 -0.075(13) -0.049(15) 
rms deviation 0.281 0.292 
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greater packing efficiency. The differences in the two site occupancies, are probably also due, 
to a greater packing efficiency of the non-prime molecule by avoiding short intermolecular 
contacts. 
The Cremer and Pople [Cremer et a!, 1975; Gould el a!, 1995] ring puckering 
parameters for the non-prime major ring are given in Table 3.4.2. The major rings have a 
high degree of the envelope configuration [96% and 83%] with the flap at C(4). The 
parameters for the minor rings are similar to those of the major rings i.e. with a significantly 
higher degree of envelope conformation than twist conformation, with the flap at C(3) which 
is chemically equivalent to C(4). The twist conformation is more prominent in the minor 
rings, and the twist is inequivalent to that of the major component i.e. the carbon-atom 
between S(1) and the carbon-atom at envelope points in the same direction to the envelope 
for the major rings, and in the opposite direction for the minor rings. Thus the molecules 
adopt the envelope conformation [envelope at C(4), C(3) for minor ring], with a significantly 
different twist conformation of the minor ring, presumably to allow it to fit into the packing 
scheme. 
The packing of C 4H6SO2Br2 contains columns of molecules, each column consisting 
of only one of the independent molecules. The molecules are stacked above one another, 
approximately perpendicular to the plane of the rings, up the short a-axis direction. The 
angles between the bc-plane and the best plane through the atoms of the two independent 
rings are 35.7(4)° and 35.4(4)0 , for the major components of the prime and non-prime 
molecules respectively. The angle between the best planes through the two independent 
molecules is 71.1(4)0, which reveals that the packing incorporates a herring-bone motif [as 
viewed perpendicular to the ac-plane]. Close intermolecular contacts are observed between 
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axis through S(1) 
C(2) pointing up. 
26% 
axis through S(1) 
C(2) pointing down 
17% 
axis through S(1') 
C(2') pointing up 
96% 
flap at C(4) 
C(4) pointing up 
74% 
flap at C(3B) 
C(3B) pointing down 
83% 
flap at C(4') 




axis through S(1') 	
flap at C(3'B) 
C(2') pointing down 
C(3'B) pointing down 
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atoms in the columns e.g. see contacts to oxygens 0(11) and 0(1 1') described above, as the 
directions of their respective S=O bonds are close to being parallel to the a-axis direction 
[12.8(4)0 and 14.2(5)0 respectively]. 
The nearest column of the same molecule is half a unit cell along in the b-axis 
direction, related by the b-glide plane, such that the columns are pointing in opposite 
directions along the a-axis direction. Close intermolecular contacts between these columns 
are observed for the bromine atoms, e.g. Br(3')Br(4)(-l-x, 1/2+y,z) 3.746(2) A and 
Br(3)Br(4)(-x,- 1/2+y,z) 3.759(2) A, and methylene hydrogen atoms, e.g. H(21)H(51)(1-x,-
1 2+y,z) 2.526(19) A and H(21') , H(51')(-x,½+y,z) 2.584(18) A. These planes are sandwiched 
together by alternating planes of independent molecules. The planes pack so that the 
(CH2)2S02  groups of different planes pack near to one another, penetrating into the space 
between the groups of the adjacent planes. Close contacts are observed between the 
(CH2)2S02 groups, e.g. H(51)0(12')(1+x,y,z) 2.604(17) A and H(51)"0(1 1')(x,y,z) 2.608(17) 
A. The bromine atoms are therefore also packed together, and the following close 
intermolecular contacts are observed between the bromine atoms, e.g. Br(4)Br(4')(x, 1/2-y,-
½+z) 3.738(3) A, Br(4)Br(4')(1+x, 1/2-y,- 1/2+z) 3.75 1(3) A, Br(3)Br(3)(l+x,1/2-y,-1/2+z) 
3.804(1) A and Br(3)"Br(3')(x, 1/2-y,- 1/2+z) 3.839(1) A. 
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3.5. Etectmn Diffraction Expemnental 
The data were collected using the Edinburgh gas-diffraction apparatus [Huntley et 
a!, 1980]. An accelerating voltage of ca 44.5 kV [electron wavelength X = ca 5.7 pm] was 
used, whilst maintaining the sample and nozzle temperatures at 453 and 469 K, respectively. 
Scattering intensities were recorded at nozzle-to-plate distances of 200 and 260 mm on 
Kodak Electron Image plates, two usable plates being obtained at each distance. The 
correlation parameters, scale factors, electron wavelengths and weighting points for the off 
diagonal weight matrices, for the two data sets are given in Table 3.5.1. The electron 
wavelengths in Table 3.5.1 were determined from the scattering patterns of benzene vapour, 
recorded immediately after C 4H6S02Br2, and analysed in exactly the same way to minimise 
systematic errors in wavelengths and camera distances. A Joyce-Loebl MIDM6 
Microdensitometer [Cradock et a!, 1981] was used to convert the intensity patterns into 
digital form. Data reduction and the least-squares refinement were carried out using standard 
programs [Cradock eta!, 1981; Boyd et al, 1981], employing the scattering factors of Ross 
et at [Ross et al, 1992]. 
3.6. Electmn Diffraction Results 
Structural Analysis: Molecular model A was written assuming that the gas-phase 
structure of C 4H6Br2SO2  was similar to the solid-phase structure. The main structural features 
observed in the crystal structure were (i) trans-dibromide isomer, (ii) equatorial bromine 
atoms, and (iii) a non-planar ring, due to a tilt and a twist of the ring. The twist and tilt 
parameters of the ring atoms can be defined as follows: the twist parameter is the torsion 
angle C(4)-M(1)-M(2)-C(6) [see Displayed structure 3.6.1. (a)], where M(1) is the mid point 
Table 3.5.1 Nozzle-to-plate distances, weighting functions, correlation parameters, scale 
factors and electron wavelengths used in the electron-diffraction study 
Nozzle-to-plate distance I mm 199.91 259.54 
Weighting functions / nin' 
AS 4 2 
smi.  40 20 
SW  60 40 
Sw2 192 134 
sm.  224 158 
Correlation parameter 0.360 0.342 
Scale factor k 0.870(16) 1.250(18) 
Electron wavelength/pm' 5.691 5.693 
Figure in parentheses are the estimated standard deviations 
b Determined by reference to the scattering pattern of benzene vapour 
61 
of the C(2)"C(5) interatomic distance and M(2) is the at the mid point of the C(3}-C(4) bond. 
The tilt parameter is the angle subtended between the vector M(1)M(2) and the plane 
through S(1), C(2) and C(5), i.e. angle M(2)M(1)S(1) [see Displayed structure 3.6.1. (b)]. 
0 BrHC 
HcçCt - 




o 	CtIB7/ Tilt Angle /° 
Displayed stnictuts 3.6.1. (a) Twist parameter and (b) Tilt parameter. 
Model A generated a set of Cartesian coordinates allowing for a tilt and a twist in 
the ring, as observed in the solid-phase structure of C 4H6Br2 SO2 . It was defined by (i) 
common S=O, S-C, C-C, C-Br and C-H bond lengths, (ii) the angles OSO, CSC, CCIBr and 
CCH, (iii) a tilt and twist, and (iv) CCCBr and CCCH torsion angles. With the sulfur atom 
defining the origin of the orthogonal coordinate system, the coordinates of the oxygen atoms 
were generated from the S=O bond length and the OSO angle. The CSC moiety was fixed 
in a plane perpendicular to the plane of the OSO group such that the bisectors of the two 
angles were coincident; the two carbon atoms were located using the S-C bond length and 
the CSC angle. The coordinates of the remaining two ring carbon atoms were calculated for 
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a planar ring using the C-C bond length. The bromine atoms were located using the C-Br 
bond length, the CCBr bond angle and CCCBr torsion angle. The hydrogen atom coordinates 
were located using the C-H bond length, the CCH bond angle and CCCH torsion angle. The 
atoms of the (CHBr) 2  group were finally repositioned in accordance with the twist and tilt 
parameters. 
The molecular parameters determined from the crystal structure were used as the 
starting parameters for the refinement with the single conformer model A, amplitudes of 
vibration being taken from similar systems. In the initial refinements of the structure, the 
parameters defining the hydrogen positions [C-H bond length, CSH and CCH bond angles, 
and CSCH and CCCH torsion angles] were fixed, whilst parameters involving heavy atoms 
were allowed to refine freely. The OSO and CSC angles refined to unrealistic values when 
compared to the solid state parameters, too high and too low respectively. The final R-factor 
[R G  = 0.132] and the parameters involving the heavy atoms for this refinement [A I] are 
given in Table 3.6.1. 
The OSO and CSC angles were fixed subsequently at the solid-phase values, with 
all the remaining heavy-atom parameters refining, and vibrational amplitudes were 
introduced. Those amplitudes associated with bonded atom-pairs could not be refined, either 
seperately or as a group. Common amplitudes for (i) the two-bond SC and C"Br, (ii) the 
three-bond S"Br and Br Br, and (iii) the four-bond 0 B distances were refined. The 
parameters involving hydrogen were unstable when introduced, and so were not included. 
The final R-factor was high, at 0.189. The parameters involving the heavy atoms for this 
refinement [A2] are given in Table 3.6.1. 
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A series of refinements was carried Out with the OSO and CSC angles fixed at 
various values in the ranges 110 - 130° and 85 - 115°, respectively, with the same parameters 
refining as in refinement A 2. The angles were fixed at the values with the lowest R-factor. 
The final R-factor obtained for this refinement was similar to that for refinement Al [R 0 = 
0.135]. The parameters involving heavy-atom for this refinement [A3] am given in Table 
3.6.1. 
For comparison with the parameters derived from the electron diffraction study, ab 
initio calculations were obtained at the MP2/6-3 10* level for C 4H6Br2SO2. These predicted 
that C4H6Br2SO2  was present as two conformers with axial and equatorial bromine atoms. The 
computations were optimised with C 1 symmetry, and minima occured on the potential surface 
for C2 symmetry for both conformers, i.e. with the ring distorted from planarity by a twist. 
The axial conformer was calculated to be 2.9 kJ mol' higher in energy than the equatorial 
one at the SCF level [inclusion of electron correlation and zero-point correction reduced this 
difference to 0.1 kJ mo!']. This energy difference is equivalent to the two conformers being 
present in effectively equal proportions at 469 K [the temperature of the sample in the GED 
experiment]. The transition state between the two conformers was also calculated to estimate 
the ease of their interconversion. The transition state was found to possess C 1 symmetry with 
an envelope conformation. The barrier was calculated to be Ca. 32 kJ mol' at the SCF/6-
310* level. However, inclusion of electron correlation and zero point corrections lowered this 
significantly to ca. 17 Id mol'. Thus, the interconversion of the conformers is predicted to 
be rapid. 
Molecular mode! B was a modified version of mode! A, used to generate Cartesian 
coordinates for a mixture of two conformers as predicted in the gas phase by ab initio 
calculations, one with axial and the other with equatorial bromine atoms; the rings of both 
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conformers included a twist parameter, but no tilt. Model B was described by the parameters 
in Table 3.6.2. It consisted of a set of mean molecular parameters for both conformers, i.e. 
mean bond lengths = [r(axial)-4-r(equaloriai)]12, mean bond angles = [<zaxial+<equazorial]12; 
parameters which define the differences between the two conformers, i.e. bond length 
differences = r(axial)-r(equatorial) and bond/torsion angle differences = <axial -<equatorial; 
and a parameter to define the relative proportions of the two conformers [p1].  Parameter p3 
is the weighted mean of 4 different C-C bond lengths, i.e. p3  = { 2r[C(2A)-C(3A)]+r[C(3A)-
C(4A)]+2r[C(2E)-C(3E)]+r[C(3E) -C(4E)])/6. Many of the differences [in bond lengths, bond 
angles and torsion angles] were fixed at the ab inilio values. The molecular parameters 
obtained from the ab initio calculations were used as the starting parameters in the model. 
The starting amplitudes of vibration were assigned values derived frDm similar systems. 
The radial-distribution curve for 3,4-dibrumotetrahydruthiophene-l-dioxide [Figure 
3.6.1] consists of five well-defined peaks at ca. 150, 180, 270, 360 and 440 pm, with a 
shoulder on the first peak at Ca. 110 pm due to C-H bonds, and a poorly defined feature at 
ca. 510 pm for the long OBr distances. The peak at ca. 150 pm is due to the S=O [p1]  and 
C-C [03]  bonds; in the initial refinements, these distances were inversely correlated and thus 
a mean bond length (p 1 +p3)/2 was refined and the difference PI-P3  fixed at the ab initio value. 
Throughout the refinement, the C-H bond length refined to an unusually large value. This is 
due, presumably, to the shoulder for the C-H bond distance not being sufficiently well 
resolved. Therefore the parameters involving hydrogen were fixed during the initial 
refinement. The peak at ca. 180 pm is due to the S-C [p 2] and C-Br [ps]  bond lengths. These 
parameters did not refine well and thus a mean bond length (p 2-r-p 4)/2 was refined instead, 
with the difference P24, being fixed at the ab initio values. The peak at ca. 270 pm 
corresponds to two-bond distances. The most significant contribution to this peak comes frum 
the C"Br distance, and consequently the CCBr angle was stable during the initial refinements. 
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There was little information available about the OSO angle since the 00 distance 
contributes little to the total scattering represented by the the peak at Ca. 270 pm. Therefore, 
the OSO angle was fixed in the initial refinements. The CSC angle was stable in the initial 
refinements. The remaining features in the radial-distribution curve correspond to the 
conform ation of the molecule, which is dominated by the contribution to the scattering of the 
bromine atoms. The peak at ca. 370 pm is due mainly to the SBr of the axial conformer and 
the Br --Br of the equatorial conformer, the peak at 440 pm is due mainly to the S --Br of the 
equatorial conformer and the BrBr of the axial conformer. The 0"Br distances axe the 
longest in the molecule and are the main contributors to the features at ca. 510 pm. The twist 
[p 11 ] and CCCBr [p 13] torsion angles were also included in the initial refinement, as the 
radial-distribution curve contains a significant amount of infoim ation about the conform ation 
of the molecule. However, the parameters defining the differences between the torsion angles 
of the axial and equatorial conformers were not stable when introduced into the initial 
refinement. 
With the mean S=O/C-C and S-C/C-Br bond lengths, the CSC and CCBr bond 
angles, the twist angle and the CCCBr torsion angle refining, the R-factor approached 0.15. 
The amplitude of vibration for the C-H distance tended to an abnormally high value when 
refined; a series of refinements with u(C-H) fixed at various values in the range 6 - 15 pm 
were carried out, and it was subsequently fixed at 8.5 pm. The vibrational amplitudes for the 
S=O and C-C bonds were refined, constrained to be equal. This common amplitude refined 
to an abnoim ally low value [2.5 pm] and so it was subsequently fixed at 5.5 pm. The 
vibrational amplitudes for the S-C and C-Br bonds were also tied together in a 1:1 ratio and 
refined. The broad peak at 270 pm has two distinct groups of major distances within it. Two 
common amplitudes of vibration were refined, the first amplitude being for SC, a--C, ()•O 
and CC distances near 250 pm, the second amplitude being for CBr distances close to 290 
pm. One common amplitude was refined for the peak at 370 pm for SBr and BrBr 
distances. Three amplitudes were refined for the broad peak at 440 pm: a common amplitude 
for CBr distances of about 420 pm, the second for S ... Br at 442 pm and the third for the 
axial BrBr at 457 pm. 
With the introduction of the vibrational amplitudes, it was possible to refine the S=O, 
C-C, S-C and C-Br bond lengths separately, as well as the OSO and CCCBr difference 
torsion angles. The difference between the axial and equatorial twist angles [p 2 1 was still 
unstable in the refinement and remained fixed at the ab initio value. 
A series of refinements were carried out with the proportion of the axial conformer 
varying over the range 10 to 90%, and subsequently fixed at the value giving the lowest R-
factor. The OSO angle, the CCCBr angle difference and five of the amplitudes were removed 
from this refinement as they refined to unacceptable values when the proportion of axial 
conformer was varied by more than 10% from the starting value [50%]. A second-order 
polynomial was fitted to a plot of R 0 vs. p 17 , the minimum in this curve occurs at an axial 
population of 49.4(47)%; the error of this value is given at the 95% confidence level 
[Hamilton, 1965]. Parameters involving hydrogen exhibited large esds when introduced into 
the refinement and they were subsequently fixed. The twist angle difference was unstable 
when reintroduced and was not included in the final refinement. An estimate of its error was 
obtained by including it in one cycle of least squares with a zero partial shift, giving a value 
of 5.4(36)°. The R-factor for this refinement [B]] converged at 0.087; the parameters and 
amplitudes of vibrations are given in Tables 3.6.2. and 3.6.3., respectively. 
An ab inilio force-field calculation was obtained for each conformer at the FIF/6-
31G* level. The theoretical force field is a description of all of the vibrational motions of the 
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atoms, given in Cartesian coordinates. The program AS YM40  [Hedberg eta!, 19931 was used 
to convert the Cartesian force constants into internal force constants from which the 
amplitudes of vibration [u, given in Table 3.6.3] were derived. These force constants arc 
always too high and subsequently the u values obtained from them too low. Since a full 
vibrational assignment of the experimental fundamental frequencies is not available, an 
empirical scaling was applied to the theoretical force field using the following factors: (i) 0.9 
for the bond stretches excluding the C-H's [experimental C-H stretching frequencies are prone 
to anhaimonic effects] and S=O's [liable to electron correlation effects in the computation] 
and (ii) 0.8 for the bends, torsion and C-H and S=O stretches. 
The scaled theoretical amplitudes of vibration were substituted for those obtained 
from the previous converged refinement [B 1]. The R -factor obtained after a background was 
subtracted was 0.221. The following amplitudes were refined for the major contributors to 
the molecular scattering for the features in the radial distribution curve at (i) 270 pm, (ii) 360 
pm, (iii) 440 pm and (iv) 510 pm. The ratios of their amplitudes were as determined ab 
inizio: 
u(i) = u[C(4)"Br(8)] = 0.983xu[C(7)"Br(8)} = 0.99 lxu[C(22)"Br(23)] = 1.024xu[0(2)"C( 4)], 
u(ii) = u[S(l)"Br(8)] =l.164xu[Br(23)"Br(24)] = 1.169xu[C(4)"Br(9)], 
u(iii) = u[Br(8)Br(9)] = 1.152xu[C(20) Br(23)] = 1.152xu[C(19)"Br(24)], 
u(iv) = u[0(17)"Br(23)] = u[0(17)"Br(24)]. 
Amplitudes were also refined for S(16)"Br(23) and 0(2)"Br(9) which were initially 
tied to u(iii) and u(iv), but an improved fit was obtained when they were refined separately. 
Two distinct groups of distances were present under the feature at 270 pm, and so a common 
amplitude was refined for those distances below 270 pm not related to those distances over 
270 pm whose amplitudes were refined as u(i). The theoretical value of u[0(2)"Br(8)] was 
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too high [37.0 pm] for it to be included in u(ii). As this amplitude refined with an 
unaccetably high esd, it was fixed subsequently at 25 pm. The amplitudes for the bonded 
distances tended to unacceptable values when refined, and so they were fixed at 1.1 times 
the theoretical values. The R-factor converged at 0.097. 
The introduction of the previously refining parameters into the refinement lowered 
the R-factor to 0.093. Investigation of the long-camera molecular scattering curve revealed 
that the difference curve was almost identical to the experimental curve at s> 158 nm'. Data 
derived from the edge of the diffraction plate is likely to be less reliable and is therefore 
weighted lower. However, it may lead to an inappropriate background function, evidence of 
which was observed in these refinements by the presence of a misfit in the radial distribution 
curve at ca. 100 pm. As a consequence, the C-H distance tended to refine to an 
unrealistically large value. Deletion of the data at s> 158 pm followed by a new background 
subtraction resulted in a much lower R -factor of 0.077. The very small change in the values 
of the refining parameters confirmed that the deleted data was spurious. Subsequently, the 
C-H bond length was refined and then fixed, as this value [112.0 pm] gave alowerR -factor 
than that obtained with the theoretical value. 
A series of refinements was carried out with the proportion of the axial confoimer 
[p1] fixed at various values in the range 35 to 55%, and subsequently fixed at the value 
giving the lowest R-factor. The CSC angle, the CCCBr angle difference and amplitudes 
u(iii) and u[0(2)"Br(9)] were removed from this refinement as they tended to values with 
high esds. Athird-order polynomial was fitted to a plot of R G  vs. Pu [Figure 3.6.41; the 
minimum in this curve occurs at an axial population of 47.2(23)%, the error of this value 
being given at the 95% confidence level [Hamiton, 1965]. The optimum refinement 
converged with R G  = 0.072. An estimate of the error in the twist angle difference was 
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obtained by including it in one cycle of least squares with a zero partial shift, giving a value 
of 5.4(21)0 . The least-squares correlation matrix for the optimum refinement is given in Table 
3.6.4. Figures 3.6.2. (a) and (b) are the molecular scattering intensity curves. Figures 3.6.3 



















Figuies 3.6.2. Observed and final weighted-difference molecular-scattering intensity 
curves [s / nm'] for optimum experimental refinement of C 4H6Br2 SO2 at camera-to-nozzle 
distances of (a) 200pm [top figure] and (b) 260pm [bottom figure] 
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Figure 3.6.3. (a) GED axial conformer 
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Table 3.6.1. Molecular parameters for refinements 1, 2 and 3 of C4H6SO2Br2 using model 
A [distances in A, angles in 0] 
1 2 3 
,(S=O) 142.5(4) 142.7(6) 142.6(4) 
i(S-C) 178.2(5) 180.8(7) 178.8(4) 
i(C-C) 149.8(7) 151.7(10) 150.0(7) 
,(C-Br) 194.9(4) 194.9(6) 194.9(4) 
OSO 127.0(15) 118.0(f) 123.0(f) 
CSC 88.4(6) 96.0(f) 90.0(f) 
CCBr 112.0(8) 112.4(10) 112.5(8) 
Twist 28.6(17) 21.4(24) 27.0(15) 
Tilt 15.2(8) 13.0(19) 15.2(8) 
CCCBr 192.0(18) 195.8(25) 192.2(18) 
R G 0.132 0.189 0.135 
f= fixed. 
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Table 3.6.2. Molecular parameters and differences for optimum experimental refinement 
[B2] of C4H6S02Br2 using model B [distances in A, angles in 
o] 
Pi t(S=O)(mean) 142.5(1) 
P2 (S-C)(mean) 179.0(3) 
P3 ,(C-C)(mean) 152.9(4) 
P4 ,(C-Br)(mean) 194.8(3) 
P5 (C-H) 112.0(rf) 
P6 OSO(mean) 117.9(10) 
P7 CSC(mean) 92.8(7) 
PS CCBr(mean) 109.2(3) 
p9 SCH(mean) 107.8(f) 
P10 CCH(mean) 111.0(f) 
P11 Twist(mean) 32.6(9) 
P12 Twist-Twist 5.4(f) 
P13 CCCBr(mean) 122.3(7) 
P14 CCCBr-CCCBr 104.4(15) 
P15 CSCH(mean) 119.0(f) 
P16 CCCH(mean) 118.0(f) 
P17 % Axial 47.2(23)° 
5 1 ,(S=O)(A) - ,(S=O)(E) -0.1(f) 
82 OSO(A) - OSO(E) 0.6(f) 
6 3 ,(S-C)(A) - ,(S-C)(E) 0.3(f) 
64 CSC(A) - CSC(E) 0.3(f) 
6 5  ,(C(4)-C(6))(A) - ,(C(4)-C(6))(E) -0.4(f) 
66 ,(C(4)-C(6))(mean) - ,(C(6)-C(7))(mean0.7(f) 
6 7  i(C(6)-C(7))(A) - ,(C(6)-C(7))(E) 0.6(f) 
68 t(C-Br)(A) - r(C-Br)(E) 2.2(f) 
69 CCBr(A) - CCBr(E) 5.4(f) 
6 SCH(10)(mean) - SCH(11)(mean) 1.4(f) 
511 SCH(1OA) - SCH(1OE) 0.9(f) 
612 SCH(11A) - SCH(11E) 1.9(f) 
6 3 CCH(A) - CCH(E) 2.1(f) 
6 4 CSCH(10)(mean) - CSCH(11)(mean) 29.1(f) 
6 5  CSCH(1OA) - CSCH(1OE) 3 0.7(f) 
616 CSCH(11A) - CSCH(11E) 30.4(f) 
6 7  CSCH(A) - CSCH(E) -99.8(f) 
a esd from R,,-factor plot; f = fixed; if = refined then fixed. 
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Table 3.6.3. Interatomic distances [rjpm] and amplitudes of vibration [u/pm] 
r1 	C-H 	 112.0(f) 	 8.6(rf) 
Axial conformer 
C(3A)-C(4A) 153.7(4) 5.9(i-f) 
r3 C(2A)-C(3A) 152.5(4) 5.8(rf) 
r4 S(1 A)-C(2A) 179.2(3) 5.9(rf) 
r5 S(1A)-O(1IA) 142.5(2) 4.1(rf) 
r6 C(3A)-Br(3A) 195.9(3) 6.7(rf) 
S(1A)"C(3A) 268.0(5) 13.5(tied to u12) 
r. O(11A) ... O(12A) 243.7(13) 6.4(f) 
r9 O(11A)C(2A) 265.7(3) 7.1(tied to u10) 
r C(2A)Br(3A) 295.2(10) 7.3(8) 
r11 C(4A)"Br(3A) 281.3(4) 7.4(tied to u10) 
r12 C(2A)"C(4A) 240.5(13) 13.5(11) 
F 3 C(2A)"C(5A) 259.8(18) 7.2(f) 
S(1A)Br(3A) 359.0(19) 19.9(4) 
r15  0(11A)"C(3A) 347.4(8) 16.3(f) 
r16 O(11A) ... C(4A) 373.3(5) 11.5(f) 
r, C(2A)"Br(4A) 313.6(34) 17.0(tied to u14 ) 
r18 Br(3A)Br(4A) 458.1(6) 19.4(20) 
r19 O(11A)Br(3A) 366.6(33) 25.0(rf) 
0(11A)"Br(4A) 495.6(19) 27.0(48) 
Equatorial conformer 
r21 C(3E)-C(4E) 153.1(4) 5.8(rf) 
'22 C(2E)-C(3E) 152.9(4) 6.0(rf) 
S(1E)-C(2E) 178.9(3) 6.5(rf) 
r24  S(1E)-O(11E) 142.6(2) 4.1(rf) 
r2 C(3E)-Br(3E) 193.7(3) 6.4(rf) 
r26 S(1E)C(3E) 265.0(5) 7.8(tied to u10) 
r27 O(11E) ... O(12E) 244.6(13) 13.5(tied to u12 ) 
O(11E)C(2E) 265.4(4) 8.9(f) 
19 C(2E)Br(3E) 416.2(12) 16.9(tied to u18) 
C(4E)Br(3E) 288.3(4) 7.3(tied to u10) 
C(2E)"C(4E) 236.0(14) 13.5(tied to u12 ) 
r32 C(2E)"C(5E) 258.7(18) 13.5(tied to u12 ) 
r33 S(1E)Br(3E) 439.5(4) 12.1(7) 
r34 O(11E)C(3E) 372.2(5) 23.0(f) 
r35  0(11E)"C(4E) 341.9(9) 43.5(f) 
r36 C(2E)"Br(4E) 416.2(12) 16.9(tied to u18 ) 
r37 Br(3E)Br(4E) 363.3(13) 17.1 (ti ed to u 18) 
0(11E)"Br(3E) 522.0(8) 24.4(10) 
0(11E)"Br(4E) 521.4(14) 24.4(tied to u33) 
Other Br"H, S"H, 0  and CH distances were included in the refinement (a total of 66) 
but are not listed here. Errors, quoted in parentheses, are estimated standard deviations 
obtained in the least-squares refinements; f = unrefined amplitudes fixed at values calculated 
from ab initio force field; if = amplitudes refined then fixed. 
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Table 3.6.4. Least-squares correlation matrix [x 100] for optimum experimental 
refinement of gas-phase structure of C 4H6Br2SO2 
P2 	P3 P4 P6 PS 	p11 	p13 	p14 	
u14 	k 1 
P4 64 
P6 -52 
P? 62 -82 
PS -62 
P11 62 -80 
P13 -52 64 -72 




-56 69 	-55 	69 	 69 
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U33 
k2 58 53 
a  Only absolute elements ~: 50 included; k 1 and k 2 are scale factors. 
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Table 3.6.5. Atomic coordinates for GED axial [A] and equatorial [E] C4H6Br2SO2 
S(1A) 0.00000 0.00000 0.00000 
0(11 A) 1.21789 0.00000 -0.73927 
0(1 2A) -1.21789 0.00000 -0.73927 
.C(2A) 0.00000 -1.30026 1.23291 
C(5A) 0.00000 1.30026 1.23291 
C(3A) 0.38204 -0.66696 2.56684 
C(4A) -0.38204 0.66696 2.56684 
Br(3A) 2.27947 -0.22263 2.76864 
Br(5A) -2.27947 0.22263 2.76864 
H(21 A) 0.76756 -2.06661 0.95369 
•H(22A) -1.04174 -1.71110 1.25280 
H(3A) 0.37745 -1.15457 3.57512 
H(4A) -0.37745 1.15457 3.57512 
H(51 A) -0.76756 2.06661 0.95369 
H(52A) 1.04174 1.71110 1.25280 
S(1E) 5.00000 5.00000 5.00000 
O(1 1E) 6.22241 5.00000 4.26629 
0(1 2E) 3.77759 5.00000 4.26629 
C(2E) 5.00000 3.70525 6.23435 
C(5E) 5.00000 6.29475 6.23435 
C(3E) 4.55861 4.37441 7.53667 
C(4E) 5.44139 5.62559 7.53667 
Br(3E) 4.99005 3.18403 9.00280 
Br(4E) 5.00995 6.81597 9.00280 
H(21E) 6.03127 3.27091 6.28154 
H(22E) 4.22822 2.94799 5.94228 
H(3E) 3.48643 4.66365 7.68210 
H(4E) 6.51357 5.33635 7.68210 
H(51E) 3.96873 6.72909 6.28154 
H(52E) 5.77178 7.05201 5.94228 
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3.7. Discussion 
The optimum refinement [BI] of the gas-phase structure of C 4H6Br2SO2 consists of 
axial and equatorial conformers present in effectively equal proportions [% axial = 47.2(2.3)], 
both conformers having C2  symmetry imposed [twist, but no tilt, of the ring]. This structure 
provides the best fit to the electron diffraction data [R 0 = 0.072]; refinements for a single 
conformer with tilt and twist angles in the ring and equatorial bromine atoms [refinement A 1] 
gave RG = 0.132. The gas-phase structure is consistent with the theoretical computations at 
the MP2/6_31G*  level [Table 3.7.]. 
The refinement with model A giving the lowest R-factor demonstrated unrealistic 
OSO and CSC bond angles; but fixing these closer to the X-ray values gave a poor R-factor. 
Thus model A was rejected since a good fit to the data could not be obtained. Refinement 
B] gave a slightly lower R-factor [R G = 0.087] than that of refinement B2 before the deletion 
of spurious data [R G = 0.097], although both gave similar molecular parameters. However, 
the amplitudes of vibration of refinement B2 were comparable to those derived from the ab 
initio force field; the low R-factor obtained for refinement B] is probably due to the high 
value [7.3(9) pm] obtained on refining a common vibrational amplitude for the S-C and C-Br 
bond distances. 
The largest elements in the correlation matrix of the optimum refinement were -80% 
between the OSO angle and the twist angle, -82% between the CSC angle and C-Br distance 
and 96% between the CCBr angle and the CCCBr difference angle, revealing how the refined 
position of the bromine atoms has a significant effect on the OSO and CSC angles. 
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Table 3.7. Comparison of the principal structural parameters of C 4H6Br2SO2 obtained 
from the X-ray, electron-diffraction [ED] and ab inhtio analyses' 
[distances in A, angles in 0] 
X-ray GEDb A b En itioc 
A xial Equatorial A xial Equatorial 
S=O 143.8(7) 142.5(2) 142.6(2) 146.3 146.4 
s-C 179.7(18) 179.2(3) 178.9(3) 181.8 181.5 
C(2/4)-C(3/5) 154.1(13) 152.5(4) 152.9(4) 152.1 152.5 
C(3)-C(4) 152.5(17) 153.7(4) 153.1(4) 153.3 152.7 
C-Br 194.7(10) 195.9(3) 193.7(3) 197.2 195.0 
OSO 117.7(8) 117.6(8) 118.2(8) 121.9 122.5 
CSC 96.4(6) 92.9(10) 92.6(10) 95.6 95.3 
Twist 32.6(13) 29.9(9) 35.3(9) 23.5 28.8 
Tilt 13.1(2) 0.0 0.0 0.0 0.0 
CCCC 57.7(15) 51.9(10) 59.8(9) -43.5 52.5 
BrCCBr 64.3(20) 167.9(18) 70.8(11) -163.0 -65.3 
a  Figures in parentheses are the estimated standard deviations. b  Distances are ra. N22/6- 
31G* optimised distances are r e . 
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This type of molecule, with low symmetry and a number of heavy atoms, is 
approaching the limit for which electron correlated ab initio computations are viable. 
However, only the S=O and S-C bond lengths are significantly overestimated by ab initio 
[146.3 and 181.7 pm respectively] compared to those determined by GED [142.5(1) and 
179.0(3) pm respectively]. The BrCCBr torsion angles for the optimum axial and equatorial 
GED structures [-167.9(18) and -70.8(11) 0 respectively] are larger than those of the 
theoretical structure [163.0 and 65.30  respectively]. This indicates that there is a greater steric 
interaction between the bromine atoms than that predicted. The increase in the BrCCBr 
angles also effects the torsions in the ring, with the rings in the GED structures [e.g. CCCC - 
5 1.9(10) and 59.8(9)° for the axial and equatorial conformers respectively] having a greater 
distortion from planarity than those of the ab initio structure [e.g. CCCC 43.5 and -52.5 ° for 
the axial and equatorial conformers respectively]. The agreement between the molecular 
parameters of the GED and ab inhtio structures is generally good. Any differences are 
probably due to the insufficient treatment of electron correlation at the MIP2 level and the 
shrinkage effect in the GED structure. Theoretically the two conformers are predicted to be 
present in equal proportions at 468 K [at the MIP2I631G*/fMP2/631G* level the axial 
conformer is more stable by 0.1 kJ mol' with SCF zero-point correction]. The optimum GED 
refinement has a slightly lower axial population 47.2(12)%. This is effectively equal to the 
theoretical value as it is within 3 esds. 
Nine tetrahydrothiophene-1,1-dioxide fragments without fused rings were located in 
the Cambridge Structural Database [Lauritzen et al, 1981; Rode et al, 1987; Jim-Nfin Fang 
et al, 1989; Haller et al, 1984; Kursheva et al, 1992; Kuhn el al, 1989; Swank el al, 1974]. 
All the crystal structures located had rings that are distorted from C2 symmetry, with mean 
tilt and twist angles of 15(11)° and 24(4)°, respectively. However, the high esds on these 
values reveals that the ring can be distorted over a wide range and so the GED structure is 
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not significantly different in showing no tilt. The tilt observed in all of the crystal structures 
is therefore likely to be due to crystal packing effects. A plot of twist against tilt angles for 
the nine tetrahydrothiophene-1,1-dioxide fragments [Figure 3.7.] reveals an approximatly 
linear relationship between the twist and tilt angles [twist angle = A + Bx(tilt angle), where 
A = 30.5(14) and B= -0.4(1)]. Both points [GED and X-ray] for 3,4-
dibromotetrahydrothiophene are above the line indicating that the bromine substituents cause 
a high distortion of the ring. The mean bond lengths [i(S=O) = 1.439(10) A, t(S-C) = 
1.794(31) A, i(C-C) = 1.525(16) Aj and mean bond angles [OSO = 116.9(10)°, CSC = 
96.4(8)0] for the crystal structures of the nine tetrahydrothiophene- 1, 1 -dioxide fragments are 
consistent with the values obtained by X-ray diffraction and GED. 
Key for Figure 3.7. 
1 This work, mean twist and tilt angles for gas-phase structure of 3,4- 
dibromotetrahydrothiphene- 1,1 -dioxide 
2 This work, mean twist and tilt angles (for major components of disorder) 
of solid-phase structure of 3 ,4-dibromotetrahydrothiphene- 1,1 -dioxide 
3 cis-3-hydroxy-4-p-toluidinotetrahydrothiophene- 1,1-dioxide [Rode el a!, 
1988] 
4 3-azido-3 ,4-dimethyl-4-hydroxytetrahydrothiophene- 1,1-dioxide [Kursheva 
eta!, 1992] 
5 bis(tetrahydrothiophene- 1,1-dioxide) trans-tetra-m u-(chloro-dichloro- 
diaqua-copper(ll)) copper(H) [Swank et a!, 1974] 
6 trans-3 -hydroxy-4-phenyl amino-tetrahydrothiophene- 1,1-dioxide [Rode el 
a!, 1987] 
7 hexahydro- 1,3 ,5-trinitro- 1,3 ,5-triazine tetrahydrothiophene- 1,1-dioxide 
complex [Haller et a!, 1984] 
8 3 -azido-4-hydroxytetrahydrothiophene- 1, 1 -dioxide [Kursheva el a!, 1992] 
9 3-(tetrahydrothiophen-3 -yl- 1,1 -dioxide)-4,5-dihydrothiophene- 1,1 - 
dioxide [Kuhn et a!, 19891 
10 (2R*, 3S*, SR*)_2m ethyl 3 -phenyl sulfinyl2,3 ,4,5-tetrahydrothiophene- 
1,1-dioxide [Jim-Niin Fang el a!, 1989] 












Tetianitrile Polymer Precursors 
4.1. Introduction 
The importance of polymers cannot be understated, and many texts are available that 
cover the broad spectrum of polymer science [Hall, 1981; Cowey, 19911. The word polymer 
comes from the Greek poly meaning many and meros meaning part. As the name suggests 
polymers are macromolecules made up of smaller repeating structural units, but it does not 
indicate the vast array of applications polymers have found in modem life. The synthesis of 
new polymers is still growing as the demand for more specialized materials increases gives 
rise to the desire of the polymer chemist to be able to design a polymer for a specific task. 
However, the theory [Lee, 1989; Salame, 19671 of how the properties of the polymer depend 
on its structure is not so refined as to allow such a measured approach. 
To keep pace with the demand for new polymers requires a new level of 
understanding of the properties of the polymers due to the different levels of 'structure'. The 
levels of 'structure' that determine and so can be manipulated to alter a polymer's properties 
are: 1 the molecular structure of the repeating unit of the polymer, 2 the morphology due to 
the blend of polymer present; 3 the morphology due to the processing of the polymer 
[Hoehn, 1985; Kozus et a!, 1988]. Structure level 1 is related to how changing the molecular 
structure determines the properties of the polymer due to the flexibility and packing 
efficiency of the polymer chain. The morphology of a polymer is the physical structure of 
the polymer caused by the interaction of the chains to form a solid. Structure level 2 is 
related to how the morphology and hence the polymer properties are altered by the addition 
of a wide range of compounds from low molecular weight compounds [plasticized polymers], 
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through intermediate weight compounds [antiplasticized polymers], up to miscible polymers. 
Structure level 3 indicates how chemically identical polymers can have widely different 
properties due to differences in the treatment and conditions [e.g. rate of cooling] of the 
polymer during and after synthesis. 
There are many applications for polymers in such diverse fields as textiles [e.g. 
nylon] and adhesives [e.g. araldite]. The work presented in chapters 5, 6, 7 and 8 was done 
in collaboration with Dr G. C. Eastmond et a!, as part of the study of the relationship 
between the gas peimeability of polymer membranes and their molecular structure. Gases can 
diffuse through pores in a thin polymer membrane [Vieth et a!, 1986]. The pores are caused 
by the inefficient packing of polymers, with structure level 1 having the greatest influence 
on the polymer properties. The sizes of pores and density of pores within a polymer 
determines the rate at which certain gases can pass through them. Thus if two [or more] 
gases are diffusing through a polymer membrane they do so at different rates. This effect is 
put to good use by using the polymer membranes to separate gases. The most important gas 
separations are the 02  enrichment of air by 021N2 separation and in the petroleum industry 
the separation of CO 2/CH,. Thus if a relationship can be identified between the molecular 
structure of a polymer and its gas penn eability then polymer membranes can be designed for 
specific gas separations. 
Eastmond et al synthesized a range of novel poly(ether imides) to find new gas 
separation polymers [Eastmond et al, 1993a,b, 1994]. Poly(ether imides) have been shown 
to have a good range of solvent solubilities and suitable mechanically properties which m akes 
them ideal to be made into gas permeable membranes. The following section on gas 
permeable poly(ether imide) membranes is a review of the literature and is given as a 
me 
background to the study of the crystal structures of the tetranitrile polymer precursors 
presented in this thesis. 
4.2. Gas Permeable PoIy(ether imide) Membranes 
The synthesis of poly(ether imides) by polycondensation is shown in Reaction 
Scheme 4.2. [Eastmond et a!, 1993a,b, 1994]. The tetranitriles I [polymer precursors with 
four nitrile groups] are synthesized from 4-nitrophthalodinitrile with (a) a diol HOAiOH and 
potassium carbonate in dimethyl sulfoxide in anhydrous conditions. The solid tetranitrile is 
obtained by addition of water, and then recrystallized from acetonitrile. The tetranitrile is then 
converted into the tetraacid LI [polymer precursor with four carboxylic acid groups] by 
hydrolysis with (b) aqueous potassium hydroxide and methanol. The tetraacid is then 
precipitated by addition of concentrated hydrochloric acid. Dehydration of the tetraacid with 
(c) acetic acid and acetic anhydride yields the bis(ether anhydride) ifi. The final poly(ether 
imide) IV is then made by a two-step polycondensation. Addition of (d) a diamine 
H2NA?NH2 to the bis(ether anhydride) in dimethylacetam ide gives a poly(am ic acid), which 
is imidized with (d) pyridine and acetic acid to the poly(ether imide). 
Many different poly(ether imides) can be synthesized using reaction scheme 4.2., as 
there is a wide range of commeivially available diols and diamines. However it would be 
very time consuming to plough through all the possible poly(ether imides) that could be 
synthesized to find those with the optimum permeability and selectivity for a given 
application. Thus the research is based on identifying trends in the gas peimeabilities of the 
polymers due to the contribution of a given structural group in different locations. A basic 
introduction to the theory behind the gas permeability of polymers is as follows. 
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The mechanism for the permeation of gases through a polymer membrane is a 
complex one. The classical relationship between the permeability coefficient [P] of a gas 
through a polymer to the diffusivity coefficient [D = rate of diffusion of the gas through the 
polymer] and solubility coefficient [S = solubility of the gas in the polymer] is given by 
equation [1]. 
P=DS 	 [1] 
Thus the permeability of a gas depends on how well it diffuses through the polymer 
membrane and also on its solubility in the polymer membrane. Small volatile molecules 
generally have low solubility coefficients in polymer membranes, but they do diffuse freely 
through the membrane. This can be contrasted to the permeability of organic compound 
vapours through polymer membranes; they have high solubilities but low rates of diffusion 
due to their size and the possibility of strong intermolecular interactions with the polymer. 
The permeability as defined by equation [1] is a function of many complex variables, 
such as temperature, polymer molecular weight and polymer morphology. However, if the 
conditions are chosen carefully the major factors influencing the permeability are the 
structural properties of the polymer, such as the chain backbone stiffness and the packing of 
the polymer segments. Thus the property of gas permeability of polymers is directly related 
to the structure of the polymer and its ability to act as a molecular sieve. 
The permeability of a single gas through a polymer membrane is measured on a gas 
diffusion rig [Eastmond et a!, 19911. The gas diffusion rig contains a polymer membrane of 
known area and thickness, at a constant known temperature. On one side of the polymer 
membrane is a known pressure of the pure gas, whilst the other side is a vacuum. The 
diffusion of the gas through the membrane is allowed to reach steady-state, and then the 
volume of gas [at standard temperature and pressure (STP)] that diffuses through the 
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membrane in a given time is measured. Thus the definition of permeability is the volume of 
gas measured at STP that diffuses through a membrane of known area and thickness in a 
given time with a known pressure difference across the membrane at a given temperature. 
Many unusual units are given for permeability, such as barrers and cm' (at STP) cm' cm' 
s_i (cm Hg)', which in SI units is m 2 s ' Pa'. 
The literature on structure-property relationships for the poly(ether imides) has 
focused on relating the gas permeability of the polymers to the position, number and steric 
bulk of substituents [e.g. methyl and tertiary-butyl groups] on the aromatic groups Ar and Ar' 
of the poly(ether imide). The CO 2 and CH, permeabilities of poly(ether imides) are reviewed 
here as they constitute the widest range of data available from the literature, and the trends 
observed for these gases are indicative of other systems. The CO 2 permeabilities and 
CO./CH, selectivities for the poly(ether imides) in the literature are given in Table 4.2. 
[where the selectivity of a polymer for geu I over geu 2 (i.e. gar 1/gas 2 selectivity) = 
(permeability of gar 1)! (permeability of gtr 2)]. The polymers in Table 4.2. were all in the 
region where the polymer properties are independent of molecular weight, and the conditions 
in the gas diffusion rig were the same. Thus the trends observed by Eastmond et at in the 
permeabilities of the polymers are based on the structures of the polymers. The aromatic 
groups Ar and Ar' for the poly(ether imides) in Table 4.2. are shown in Displayed Structures 
4.2. 
Figure 4.2.1. is a scatter plot of CO 2ICH4 selectivity against CO2 permeability. There 
is a large cluster of polymers with CO 2 permeabilities 3x 10-1 ' m 2 s' Pa-1 to 15x1O 7 m 2 s 
Pa' and CO2/CH4 selectivities from 20 to 40. Below CO 2 permeabilities of3xlO' 7 m 2 s Pa' 
there is a sharp rise in the selectivity, whilst above permeabilities of 15x10' 7 m 2 s1 Pa' the 
Table 41. Gas permeability and selectivity data for poly(ether imides) 
[Eastmond et a!, 1993b, 1994] 
Ar Ar' CO2 permeability / CO2/CH4 selectivity 
lop m2 s4 Pa' 
A B 1.65 48.9 
A C 3.20 31.8 
A E 4.87 37.3 
B A 1.19 122.3 
B C 1.93 45.2 
B D 4.00 30.8 
B E 3.93 41.3 
C A 2.05 65.0 
C B 1.54 38.0 
C D 5.41 35.7 
C E 4.83 31.7 
D A 9.98 35.4 
D C 11.40 34.3 
D E 29.90 27.3 
E A 4.57 35.4 
£ C 7.36 32.7 
E D 17.04 30.1 
F A 14.25 30.5 
F A+B 15.68 32.3 
C B 71.03 21.7 
C B+A 36.68 22.8 
G E 21.98 17.1 
G D 22.13 19.0 
H E 5.85 14.4 
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selectivity levels off to a value near 20. This is a common feature for such plots and shows 
that as the CO2 permeability increases as the CO2/CH, selectivity decreases. 
When CO2  permeability is plotted against CH, permeability the points lie near to a 
straighi line [Figure 4.2.2.]. Eastmond el at point out that the straight line does not pass 
through the origin indicating that the selectivities for the different polymers are not the same 
[see Figure 4.2.1.], and that the deviations from the straight line indicate the differences in 
the selectivities. This plot shows that the permeability of CO 2 is significantly higher than that 
for CH4 . This can be explained in terms of the kinetic diameters of the gases. Kinetic 
diameters are determined from the smallest zeolite windows that will allow a given sorbant 
to pass through it. This makes it a useful parameter to know as it provides the minimum 
diameter of pore required for a spherical or non-spherical gas molecules to diffuse through 
a polymer. The kinetic diameters of CO 2 and CH4 are 3.3 and 3.8 A respectively. Thus the 
large differences in permeabilities of CO 2 and CH4 are due to a difference in kinetic 
diameters of only 0.5 A. 
From a detailed examination of the gas permeability data Eastmond et at concluded 
that the permeability of the polymers depends on the flexibility and conformation of the 
polymer chain as well as the size of the substituents. Eastmond et at also noted that variation 
of the aromatic group Ar usually had a greater effect on the permeability than did variation 
of Ar', due especially to substituents hindering rotation about the ether linkages. A summary 
of the causes of the differences in the polymer permeabilities and selectivities follows, as 
suggested by Eastmond el al. 
Flexible polymers.- If there are no substituents hindering the free rotation about the 
ether linkages [and other flexible hinge units such as the CH, unit of E] the poly(ether 
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imides) are flexible and can easily change their conformation. Flexible polymers are therefore 
more efficient at packing close together. As the packing efficiency increases the number of 
pores suitable for gas diffusion is obviously reduced. The distribution of pore sizes also 
alters, so that there are more smaller pores than large pores. The reduction in the number of 
pores requires a reduction in the permeability of the polymer, whilst the greater distribution 
of smaller pore sizes means that the selectivity for smaller gas molecules increases. An 
example of a flexible polymer is the poly(ether imide) BA [i.e. Ar = B and A? = A]. 
Poly(ether imide) BA has the highest selectivity [CO,/CH, selectivity = 122.3], but the lowest 
permeability of all the poly(ether imides) [CO 2  permeability = 1.19x10" m 2 s 1 Pa']. It has 
a high number of flexible hinge units and so is able to pack very efficiently. 
Rigid polymers.- Substituents on the aromatic group Ar in both positions ortho to 
ether linkages hinder rotation about the ether linkage. The conformation about the ether 
linkage is then fixed. The polymer now has a rigid segment which is bent due to the angle 
at ether linkage. Bent rigid segments do not pack very well, thus the number of holes suitable 
for gas diffusion increases. The increase in the number of holes suitable for gas diffusion 
means that rigid polymers have a greater permeability, without a significant loss of 
selectivity. An example of a rigid polymer is the poly(ether imide) DE [i.e. Ar = D and Art 
= E]. The CO,/CH, selectivity of poly(ether imide) DE [CO,/CH, selectivity = 27.31 is 
similar to the majority of poly(ether iniides) which are in the range 20 to 40. However, the 
permeability of poly(ether imide) DE [CO2 permeability = 29.9x10" m 2 s' Pa'] is 
significantly higher than the average. The methyl groups of D which are in all of the 
positions ortho to the ether linkages, hinder rotation about the ether linkages. Thus the 
permeability of poly(ether imide) DE is high as it does not pack very efficiently. 
M. 
Polymets with bulky substituents.- Bulky substituents such as tertiary-butyl groups 
hinder the efficient packing of the polymers, thus the number of holes suitable for gas 
diffusion increases. Thus the permeability of the poly(ether imides) with bulky substituents 
is high. However, in contrast to rigid polymers the bulky substituents cause more large pores 
in the polymer, altering the distribution of pore sizes. The greater distribution of large pores 
means that the selectivity of the polymers for smaller gas molecules decreases. An example 
of a polymer with bulky tertiary-butyl groups is poly(ether imide) GE [i.e. Ar = G and Ar' 
= E]. Poly(ether imide) GE has bulky tertiary-butyl groups ortho to the ether linkages which 
causes a high number of large holes to be present in the polymer. Thus the permeability of 
poly(ether imide) GE is the highest [CO 2 permeability = 71.03x10" m 2 s Pa'] of all the 
poly(ether imides) but the selectivity is among the lowest [CO2ICH4 selectivity = 17.1]. 
To complement the results of Eastmond eta/the following study of the single-crystal 
structures of the tetranitriles were undertaken. Little is known about the packing in such 
polymers as the structural information gained from techniques such as wide-angle X-ray 
scattering [WAXS] is limited [Boehme et a!, 1985]. The packing of the polymers causes the 
formation of pores and hence the property of gas permeability. Thus it was hoped that the 
crystal structures of the tetranitriles would provide information on the molecular 
conformations and packing of the polymers. The tetranitriles were chosen as they are stable 
compounds and easy to crystallize. They have the advantage over studying the tetraacids of 
not being subject to hydrogen-bonding which would be a dominant packing force, and they 
are easier to synthesize than the bis(ether anhydrides). 
The weak intermolecular interactions between the tetranitriles should be related to 
those found in the polymers. A study of the intermolecular interactions in the tetranitriles 
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may be done by examining the intermolecular contacts present. One of the aims of this 
project is to see how different structural groups affect the intermolecular interactions present. 
The tetranitrile structures might also contain holes in their structures that are related 
to the iiores found in the polymer. Thus another aim of this project is to find holes within 
the tetranitrile crystals. The FORTRAN-77 program HOLE was written to find holes in 
crystal structures, and is described in section 4.4.. 
4.3. Nomenclatum of the Tethinitiiles 
The tetranitriles have the general form shown in Displayed structure 4.3.1. and are 
the precursors for poly(ether imides) [see Reaction scheme 4.2.]. The range of aromatic 
groups Ar in the tetranitriles studied by X-ray crystallography included aromatic residues 
from the following diols e.g. hydroquinone derivatives [see Displayed structure 4.3.2.], 
resorcinol derivatives [see Displayed structure 4.3.3.], biphenyl derivatives [see Displayed 
structure 4.3.4.], and aromatic residues with hinge units such as the isopropylidene group [see 
Displayed structure 4.3.5.]. The aromatic rings Ar are known as the inner rings whilst the 
dinitrile substituted aromatic rings are known as the phthalonitrile rings. 
NC 	 CN 
NC__O -Ar-O--rj ----CN  
Displayed sth.ictw 4.3.1. General tetranitrile 
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Ho-(J -- oH 
Displayed stnictin 43.2. Hydroquinone 
HO,.OH 
Displayed structure 4.3.3. Resorcinol 
HO -•c:;----c:,--- 0 H 




Displayed stnictua 4.3.5. Diol with isopropylidene hinge unit 
4.4. Computer Pmgmm HOLE 
The aim of the program HOLE is to locate holes within crystal structures given a 
standard SHELX instructions file with the cell dimensions, lattice type, symmetry operations 
and atom coordinates [Sheldrick, 1994]. The centre of a hole is defined as a point in the 
asymmetric unit of a crystal structure at which any small shift in the coordinates decreases 
me 
the distance to the nearest van der Waals surface. This definition indicates the two main 
concerns in the development of the program (i) to make a thorough search of the asymmetric 
unit for holes and (ii) to determine the centre of the holes accurately. The description of the 
program can be logically divided into these two areas. The minimum distance from the centre 
of a hole the nearest van der Waals surface is set at 1.25 A. Thus the diameter of the 
smallest hole is 2.5 A. The packing in the tetranitrile crystals is obviously more efficient than 
in the poly(ether imides), thus a search for holes just smaller than pores suitable for gas 
diffusion is essential [c.f. the smallest kinetic diameter of a gas is He = 2.6 Al. However, it 
would be pointless to search for holes much smaller than the minimum distance set as they 
would be unlikely to provide any valuable information about pores in the polymers. 
The FORTRAN-77 code for HOLE is given in Appendix I. The subroutines for the 
handling of SHELX files and nearest neighbour calculations were modified from subroutines 
in the molecular geometry program CA LC [Gould eta!, 1985b]. The SHELX instructions file 
is read in and all the atom positions in the unit cell are generated. The program then prompts 
for the size of the asymmetric unit. 
Searching the asymmetric unit.- The asymmetric unit is the smallest volume that has 
to be searched for any structural feature. The asymmetric unit is divided up into a three-
dimensional grid of points 0.5 A apart [i.e. grid size] along the crystallographic axes. A 
search of a 5x5x5  set of unit cells with the grid in the central cell is made for the nearest 
van der Waals surface to each of the grid points. The van der Waals radii used are 1.0 A for 
hydrogen and 1.5 A for non-hydrogen atoms as the tetranitriles studied only contain C, N or 
0. If the distance to the nearest van der Waals surface is less than the cut-off distance 0.75 
A the grid point is rejected as not being near to a hole in the structure. However, if the 
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distance is greater than 0.75 A the grid point might be near to a hole and so is designated 
a pmto-hole. The coordinates of the pnto-holes are then stored prior to refinement. 
A grid size of 0.5 A and cut-off distance of 0.75 A were chosen to ensure that a 
thorough search of the asymmetric unit has been made. A smaller grid size only serves to 
increase the time taken by the program and to duplicate the positions of the holes found in 
the final analysis. The cut-off distance depends on the size of the hole the search is being 
made for. The grid search must not miss holes with a minimum radius to the nearest van der 
Waals surface of 1.25 A. Consider an orthogonal crystal system, a hole at the centre of a 0.5 
x 0.5 x 0.5 A3 cube of grid points is 0.43 A from each of those grid points. The largest hole 
that would be missed by the grid search would have to be in the centre of the cube of grid 
points. Thus the largest hole that could possibly be missed by the grid search has a radius 
to the nearest van der Waals surface of 0.43 + 0.75 = 1.18 A. 
Refinement of hole position.- The accurate determination of the positions of holes 
requires the refinement of those grid points called proto-holes that might be near to a hole. 
The refinement is a maximisation of the distance to the nearest van der Waals surface. A step 
refinement method was chosen due to the simplicity of the code required. 
Step refinement entails shifting the coordinates of the proto-hole by a small step and 
recalculating the distance from the new position to the nearest van der Waals surface. If the 
distance to the nearest van der Waals surface has increased the pioto-hole is moved to the 
new position, otherwise it remains in the original position. The steps are made up and down 
the a, b and then c-axis directions in turn with a given step size until the distance to the 
nearest van der Waals surface does not increase by subsequent steps. The step size is then 
reduced and the process repeated. Step sizes of 0.1, 0.01 and 0.001 A were found to optimise 
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the speed of refinement and accuracy of the final coordinates. The initial step size of 0.1 A 
ensures that the refinement is not unstable as is found with higher step sizes, but is large 
enough to reduce the time taken during refinement. The final step size of 0.001 A gives 
accurate coordinates for the final refinement. 
The refined holes are then rejected if the distance to the nearest van der Waals 
surface is less than 1.25 A. A final cut-off distance of 1.25 A was chosen as a cut-off below 
this value did not locate more holes in the structures. It was found that any refined holes 
smaller than 1.25 A were local minima that are invariably found close to the larger holes. 
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CHAPTER 5 
Tetninitiile Crystal Structum Detemiinalions 
The experimental and structure solution plus refinement sections give general details 
about the structure determinations of all of the tetranitriles. Additional information and any 
differences in the details of the structure determinations for the individual tetranitriles is 
presented in the crystal data section. Atomic coordinates and tables of bond lengths and 
angles are given in Appendix II. 
5.1. Experimental 
Crystals of the tetranitriles were grown from acetonitrile by solvent evaporation. The 
data were recorded on a Stoë STADI-4 four circle diffractometer with graphite 
monochromated MOK a  radiation, using the diffractometer control program DIF4 [Stoë & Cie, 
1990] and the Oxford Cryosystems Cryostreain low temperature device at 150 K [Cosier et 
a!, 1986]. The unit cells were determined from approximately 10 reflections in the 20 range 
10 to 20° . Three strong reflections as far apart in reciprocal space as possible were monitored 
during data collection to monitor for any decay of the crystal. Data were collected using a 
a'-20 scan mode. Data reduction was performed with REDU4 [Stoë & Cie, 1990], no 
absorption corrections were applied as the tetranitriles only contain C, H, N and 0. 
5.2. Refinement 
The structures were solved by automatic direct methods with SHELXS-86 [Sheldrick, 
1990]. In the trial solution positions for all of the non-hydrogen atoms were found. These 
atom positions were refined with isotropic displacement parameters by full-matrix least 
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squares with SHELXL-93 [Sheldrick, 1994]. Hydrogen atom positions were located by 
difference electron density Fourier synthesis. The aromatic hydrogen atoms were fixed at 
idealized positions, on the external bisector of the X-C-Y angle, at a C-H bond length of 1.0 
A. The methyl hydrogen atoms were fixed at idealized positions, with tetrahedral angles, at 
a C-H bond length of 0.98 A. The conformations of the methyl groups were determined by 
structure factor calculations that maximise the sum of the electron density at the calculated 
position as the hydrogen atoms rotate around the C3 axis of the methyl group. The 
coordinates of the hydrogen atoms [aromatic and methyl] were allowed to ride on the 
coordinates of the atom to which they were bonded, so that the same shifts were applied to 
both coordinates, the methyl hydrogens were also allowed to rotate around the C3 axis of the 
methyl group whilst maintaining the C-H distance and CCII and HCH angles. The isotropic 
displacement parameters for the aromatic hydrogen atoms were fixed at 1.2 times, and the 
methyl hydrogens at 1.5 times the equivalent isotropic thermal parameter of the atom to 
which they are attached. All the non-hydrogen atoms were then refined with anisotropic 
displacement parameters by full-matrix least squares. The data were weighted according to 
the scheme [w] which gave the most even distribution of variance in terms of F2 . 
w=1 /[c 2(F02)+(aP)2+bP] 
Where P=[h/axMaximum of (0 or F02)+%P2] and a and b are variables refined in the least 
squares routine. 
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53. Crystal Data 
5.3.1. Crystal Structure Determination of 1,4-Bis-(3,4-dicyanophenoxy) benzene 
	
NC 	 CN 
NC--- 	-_ 0 	0 	C N 
Displayed structure 53.1. 1 ,4-Bis-(3 ,4-dicyanophenoxy) benzene 
1,4-Bis-(3,4-dicyanophenoxy) benzene [LS1244] is the simplest tetranitrile and is 
synthesized from hydroquinone. Two data sets were collected for two different crystals. The 
first data set was collected for a colourless column shaped crystal of dimensions 
0.43x0.27x0.21 mm. The crystal was weakly diffracting. 2230 unique reflection were 
collected for a triclinic cell of dimensions a = 7.411(4) A, b = 7.813(8) A, c = 17.52(5) A, 
a = 88.18(9)°, f3 = 89.80(21)0, y = 61.65(8)0 . The results of the N(z) test for this data set 
are as follows. 
Z hkl centro acentro 
0.1 23.17 24.81 9.52 
0.2 34.33 34.53 18.13 
0.3 43.53 41.87 25.92 
0.4 49.92 47.38 32.97 
0.5 55.55 52.05 39.35 
0.6 59.34 56.14 45.12 
0.7 64.05 59.72 50.34 
0.8 67.46 62.89 55.07 
0.9 69.79 65.72 59.34 
1.0 71.85 68.33 63.21 
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Thus the N(z) test predicted that the data set is centmsymmetric and the structure was solved 
in the space group P1. There is one molecule per asymmetric unit in this structure and it was 
observed that the molecule possessed a crystallographic two-fold axis, thus the crystal system 
had been wrongly assigned. The triclinic cell was converted into a C-centred monoclinic cell 
with the following unit cell dimensions [labelled prime] a' = -a+2b = 13.752 A, b' = a = 
7.411 A, c' = c = 17.52 A, ' = 91.960 . 
A second data set was collected on a colourless cuboid shaped crystal of dimensions 
0.70x0.47x0.47 mm. 1573 unique reflections were collected for a monoclinic cell of 
dimensions a = 13.743(4), b = 7.403(2), c = 17.486(11) A, 3 = 92.11(4). A FORTRAN-90 
program called HKL CON [code given in Appendix I] was written to convert the hkl values 
of the first data set into the correct crystal system so that they could be combined with the 
new data set. The data sets were combined with linear scaling by least squares fitting of the 
common reflection using SHELXTLIPC [Sheldrick, 1992]. The intensities of the second data 
set were multiplied by 2.1486, and the combined data Set has 1706 averaged reflections. The 
results of the N(z) test for the combined dat set are as follows. 
z hkl centru acentru 
0.1 25.81 24.81 9.52 
0.2 37.28 34.53 18.13 
0.3 46.57 41.87 25.92 
0.4 53.21 47.38 32.97 
0.5 57.81 52.05 39.35 
0.6 61.58 56.14 45.12 
0.7 64.45 59.72 50.34 
0.8 67.25 62.89 55.07 
0.9 70.49 65.72 59.34 
1.0 72.08 68.33 63.21 
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Table 5.3.1. Crystal data and structure refinement for 1,4-bis-(3,4-dicyanophenoxy) 
benzene 
Identification code LS1244 
Empirical formula CH1QN402 
Formula weight 362.34 
Temperature 150(2) K 
Wavelength 0.71073 A 
Crystal system Monoclinic 
Systematic absences hkl when h+k = 2n+1 
hOl when h,! = 2n+1 
Space group C21c 
Unit cell dimensions a = 13.743(4) A 
b = 7.403(2) A 
c = 17.486(11) A 
= 92.11(4)' 
Volume 1777.8(13) A3 
Z 4 
Asymmetric unit One half-molecule near a two-fold axis 
Density (calculated) 1.354 Mg m 3 
Atomic volume 15.87 A3 per non-hydrogen atom 
Absorption coefficient 0.091 mm' 
F(000) 744 
Theta range for data collection 2.97 to 25.05 0 
Index ranges -16!~ h :5 16 
0!~ k:58 
0:5 1:5 20 
Reflections collected 1574 
Independent reflections 1574 Mint) = 0.08091 
Reflections with I> 20(I) 1197 
Refinement method Full-matrix least-squares on F2 
Data I restraints / parameters 1572/0/127 
Goodness-of-fit on 172 1.058 
Final R indices [I> 2cy(J)] R 1 = 0.0397, wR 2 = 0.0968 
R indices (all data) R 1 = 0.0592, wR 2 = 0.1122 
Largest cliff, peak and trough 0.166 and -0.245 e K3 
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Thus the N(z) test predicts that the data are centrosymmetric and the structure was solved in 
the space group C21c. The molecule is bisected by a crystallographic two-fold axis, and the 
positions for half a molecule were found in the asymmetric unit. 
5.31. Crystal Structure Deteimination of 1,4Bis(3,4-dicyanopheflOxy)-2,5-di-tei1iaiYbUtYl 
benzene 
NC 	 tBU 	CN 
NC -?- o 	0 -(J$---- C N 
tBU 
Displayed stnictut 5.3.2. 1 ,4-Bis-(3 ,4dicyanophenoxy)-2,5-di-tertiary-butyl benzene 
1 ,4-Bis-(3 ,4-dicyanophenoxy)-2,5-di-tertiary-butyl benzene [LSI04 1] is based on 
hydroquinone with bulky tertiary-butyl substituents ortho to the ether linkages that hinder 
close packing and restrict the conformation about the ether linkage. Data of a colourless 
block shaped crystal were collected in the monoclinic crystal system, a 5 % decay of the 
standard reflections throughout the data collection was corrected for. From the systematic 
absences the space group is either C21c or Cc. The results of the N(z) test for this data set 
are on page 110. 
The N(z) test predicted that the data are centrosymmetric and the structure was 
solved in the space group 12/a. The non-standard setting of C21c was used so that 3 is close 
to 90°. The molecule is near a crystallographic inversion centre thus the positions for half 
a molecule were found in the asymmetric unit. 
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Table 5.3.2. Crystal data and structure refinement for I ,4-bis-(3,4-dicyanophenoxy)-2,5- 
di-teitiaiy-butyl benzene 
Identification code LSI041 
Empirical formula C1-1N402 
Formula weight 474.55 
Temperature 150(2) K 
Wavelength 0.71073 A 
Crystal system Monoclinic 
Systematic absences hkl when h+k+1 = 2n+1 
hOi when h,1 = 2n+1 
Space group 12/a 
Unit cell dimensions a= 17.448(5) A 
I' = 10.670(3) A 
c = 14.364(6) A 
95.25(3)° 
Volume 2663(2) A3 
Z 4 
Asymmetric unit One half-molecule near an inversion 
centre 
Density (calculated) 1.184 Mg m 3 
Atomic volume 18.49 A3 per non-hydrogen atom 
Absorption coefficient 0.076 mm' 
F(000) 1000 
Crystal size 0.24 x 0.19 x 0.15 mm 
Theta range for data collection 2.85 to 22.57 ° 
Index ranges -18 !~ h !~ 18 
0:5 k 15 11 
0:51  15 15 
Reflections collected 1808 
Independent reflections 1746 [R(int) = 0.06401 
Reflections with I> 2a(1) 809 
Refinement method Full-in atrix least-squares on F2 
Data / restraints / parameters 1746/0/166 
Goodness-of-fit on F2 1.040 
Final R indices [I> 2a(I)] R 1 = 0.0729, wR 2 = 0.1171 
R indices (all data) R 1 = 0.1838, wR 2 = 0.1560 
Largest duff, peak and trough 0.197 and -0.279 e k3 
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Z hkl centro acentro 
0.1 26.88 24.81 9.52 
0.2 33.18 34.53 18.13 
0.3 40.68 41.87 25.92 
0.4 46.05 47.38 32.97 
0.5 50.67 52.05 39.35 
0.6 55.03 56.14 45.12 
0.7 58.98 59.72 50.34 
0.8 62.94 62.89 55.07 
0.9 66.09 65.72 59.34 
1.0 69.44 68.33 63.21 
5.3.3. Crystal Structure Determination of 1,4-Bis-(2,3-dicyanophenoxy)-2,5-di-ter6aty-butyl 
benzene 
NC CN 	tBUNC CN 
0-0-0-0-0  
tBU 
Displayed structure 5.3.3. 1 ,4-Bis-(2,3 -dicyanophenoxy)-2,5-di-tertiary-butyl benzene 
I ,4-Bis-(2,3 -dicyanophenoxy)-2,5-di-terti ary-butyl benzene [LSI05 5] has the same 
central aromatic group as the previous structure [LSI041], but unique to this study it has 
mtrile groups ortho and meta instead of meta and para to the ether linkages. Data for a 
colourless lath shaped crystal were collected in the monoclimc crystal system, a maximum 
7% variation of the standard reflections was observed throughout data collection, no 
corrections were applied as the variation was random. The space group [P211c] was uniquely 
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Table 5.3.3. Crystal data and structure refinement for 1,4-bis-(2,3-dicyanophenoxy)-2,5- 
di-tertiaiy-butyl benzene 
Identification code LS1055 
Empirical formula C11N402 
Formula weight 474.55 
Temperature 150(2) K 
Wavelength 0.71073 A 
Crystal system Monoclinic 
Systematic absences hO! when I = 2n+1 
OkO when k = 2n+1 
Space group P211c 
Unit cell dimensions a = 11.287(6) A 
b = 23.425(8) A 
c = 10.580(4) A 
= 115.95(2)° 
Volume 25 15(2) A3 
Z 4 
Asymmetric unit Two independent half-molecules near 
inversion centres 
Density (calculated) 1.253 Mg m 3 
Atomic volume 17.47 A3 per non-hydrogen atom 
Absorption coefficient 0.080 mm' 
F(000) 1000 
Crystal size 0.39 x 0.21 x 0.12 mm 
Theta range for data collection 2.66 to 22.49 0 
Index ranges 0!~ h!~ 12 
-25 5 k !~ 0 
-11 :5 1:5 10 
Reflections collected 3281 
Independent reflections 3269 [R(int) = 0.3106] 
Reflections with I> 2a(/) 1845 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3246/0/332 
Goodness-of-fit on 172 1.040 
Final R indices [I> 2(I)] R 1 = 0.0755, wR 2 = 0.1802 
R indices (all data) R 1 = 0.1555, wR 2 = 0.3736 
Extinction coefficient 0.010(2) 
Largest diff. peak and trough 0.392 and -0.505 e 
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determined by the systematic absences. Two independent half-molecules were found near 
crystallographic inversion centres in the asymmetric unit. 
5.3.4. Crystal Structure Determination of 1,3Bis(3,4-dicyanophenoxy)-4,6-di-teItia17-bUtY1 
benzene  
NC)~ 0 	oj(:)~CN 
NC 	
)::)~ tButBu  
Displayed structure 5.3.4. 1 ,3-Bis-(3,4-dicyanophenoxy)-4,6-di-tertiary-bUtYl benzene 
1,3-B is-(3 ,4dicyanophenoxy)-4,6-di-tertiary-bUtyl benzene [LSIO15] is synthesized 
from a substituted resorcinol. It is a structural isomer of LSI041 with tertiary-butyl groups 
ortho to the ether linkages, but the ether linkages are now meta to one another. Data for a 
colourless block shaped crystal were collected in the monoclinic crystal system, the crystal 
was weakly diffracting and required learnt profiles to improve the statistics on the data. The 
intensities of the standard reflections drifted during data collection [maximum drift= 1.1640, 
minimum = 0.9418]. From the systematic absences the space group is either C21c or Cc. The 
results of the N(z) test for this data set are as follows. 
The N(z) test predicted that the data are centiosymmetric. The structure was solved 
in the space group C21c, with half a molecule near a two-fold axis per asymmetric unit. 
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Table 5.3.4. Crystal data and structure refinement for 1,3-bis-(3,4-dicyanophenoxy)-4,6- 
di-tertiaiy-butyl benzene 
Identification code LSIO15 
Empirical formula CH26N4O2 
Formula weight 474.55 
Temperature 148(2) K 
Wavelength 0.71073 A 
Crystal system Monoclinic 
Systematic absences hkl when h+k = 2n+1 
hOl when h,l = 2n+1 
Space group C21c 
Unit cell dimensions a = 21.04(2) A 
b = 10.318(9) A 
c = 12.053(14) A 
= 92.05(8)° 
Volume 26 14(4) A3 
Z 4 
Asymmetric unit One half-molecule near a two-fold axis 
Density (calculated) 1.206 Mg m 3 
Atomic volume 18.15 A3 per non-hydrogen atom 
Absorption coefficient 0.077 mm' 
F(000) 1000 
Crystal size 0.08 x 0.03 x 0.03 mm 
Theta range for data collection 2.75 to 24.89 ° 
Index ranges -24 !~ h !~ 24 
0 !~ k :5 12 
0:5 1  !~ 12 
Reflections collected 2333 
Independent reflections 2206 [R (int) = 0.0759] 
Reflections with I> 2a(I) 1257 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2196/0/167 
Goodness-of-fit on F2 1.084 
Final R indices [I> 2a(!)] R 1 = 0.0694, wR 2 = 0.1748 
R indices (all data) R 1 = 0.1562, wR 2 = 0.2450 
Largest diff. peak and trough 0.327 and -0.405 e A 3 
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z hkl centro acentro 
0.1 28.37 24.81 9.52 
0.2 37.31 34.53 18.13 
0.3 44.16 41.87 25.92 
0.4 49.88 47.38 32.97 
0.5 55.34 52.05 39.35 
0.6 59.66 56.14 45.12 
0.7 63.69 59.72 50.34 
0.8 66.17 62.89 55.07 
0.9 68.46 65.72 59.34 
1.0 70.19 68.33 63.21 
5.3.5. Crystal Structun Determination of 1,3-Bis-(3,4-dicyanophenoxy) benzonorboniene 
NC 	 CN 
NC_ 03--0-0-CN 
Displayed stnictui 5.3.5.1. 1,3 -Bis-(3 ,4-dicyanophenoxy) benzonorbornene 
1,3-Bis-(3,4-dicyanophenoxy) benzonorbornene [LSI1 17] is based on hydroquinone 
with a bulky norbornene substituent. Two data sets were collected for this structure. The first 
data set was collected at ambient temperature [293 K] on an image plate system at 
Darmstadt. The data were collected in the monoclinic crystal system. From the systematic 
absences the space group is either C21c or Cc. The structure was initially solved in Cc, with 
one whole molecule per asymmetric unit. The lower symmetry space group was tried first 
as the molecule does not possess a two-fold axis, therefore the molecule would exhibit 
extensive disorder in the higher symmetry space group. 
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Alternative positions for the three methylene carbon-atoms of the norbornene group 
were observed in difference Fourier synthesis maps of the isotropic heavy atom model. The 
benzene ring and methylyne carbon-atoms of the benzonorbornene group were restrained to 
be coplanar with an effective standard deviation of 0.2 A 3 . A search of the Cambridge 
Structural Database [Allen et a!, 1979, 1983] found 40 benzonorbornene fragments 
[references in Appendix III]. The mean geometry of these fragments is shown in Displayed 
structure 5.3.5.2. The geometry of the disordered norbornene group was constrained to the 






)99.6(15)'- 	106. 5(30)° 







Displayed stmaum 5.3.5.2. Benzonorbornene search fragment with mean bond lengths 
and mean bond angles [sample standard deviations in parentheses]. 
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The disordered atoms were refined with isotropic thermal parameters. The relative 
site occupation factor for the two disordered alternatives was refined, and the anisotropic 
thermal parameters of the norbornene group were restrained to be equal in the direction of 
the bond. In the final converged refinement the site occupancies of the two components of 
the disordered norbornene group are effectively equal [site occupancy of major component 
= 0.5 1(2)]. Also the molecule was found to possess a two-fold axis. Thus the space group 
is the higher symmetry one. The results of the N(z) test for this data set are as follows. 
z hkl centro acentro 
0.1 35.40 24.81 9.52 
0.2 43.58 34.53 18.13 
0.3 49.55 41.87 25.92 
0.4 54.52 47.38 32.97 
0.5 58.61 52.05 39.35 
0.6 61.67 56.14 45.12 
0.7 64.27 59.72 50.34 
0.8 67.10 62.89 55.07 
0.9 69.53 65.72 59.34 
1.0 71.75 68.33 63.21 
Thus the N(z) test predicted that the data are centric, and the structure was solved in the 
space group C21c. 
In C21c there is half a molecule per asymmetric unit bisected by a crystallographic 
two-fold axis. This means that the norbomene group is disordered over two positions due to 
the two-fold axis. However, the positions of the norbornene group were still difficult to 
resolve. The bond lengths of the norbornene group were restrained at the mean values 
obtained from similar norbornene groups found in the Cambridge Structural Database [Allen 
et a!, 1979, 1983], i.e. C(19)-C(8) was restrained to be 1.514 A, C(19)-C(20) and C(21)-
C(19)(-xy,- 1/2-z) were restrained to be 1.553 A, C(19)-C(23) and C(19)(-xy,-'/2-z)-C(23) were 
116 
Table 5.3.5.1. Crystal data and structure refinement of the mom temperature data set for 
1 ,3-bis-(3 ,4-dicyanophenoxy) benzonorbomene 
Identification code LSI1 17 
Empirical formula C27H16N402 
Formula weight 428.44 
Temperature 293(2) K 
Wavelength 0.71073 A 
Crystal system Monoclinic 
Systematic absences hkl when h+k = 2n+1 
hO! when I = 2n+1 
Space group C21c 
Unit cell dimensions a = 8.373(3) A 
b = 14.051(8) A 
c = 18.96(4) A 
= 91.16(10)° 
Volume 2230(5) A3 
Z 4 
Asymmetric unit Half a molecule bisected by a two-fold 
axis 
Density (calculated) 1.276 Mg m 3 
Atomic volume 16.89 A 3 per non-hydrogen atom 
Absorption coefficient 0.083 mm' 
F(000) 888 
Theta range for data collection 5.11 to 27.86 ° 
Index ranges -10:5 h :5 10 
-17:5 k :5 18 
-24 :!~ 1:5 24 
Reflections collected 5794 
Independent reflections 1426 [R(int) = 0.0821] 
Reflections with I> 2(I) 991 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1421 / 7 / 135 
Goodness-of-fit on F2 1.160 
Final R indices [I> 2a(!)] R 1 = 0.1824, wR 2 = 0.4430 
R indices (all data) R 1 = 0.2177, wR 2 = 0.4611 
Largest cliff, peak and trough 0.688 and -0.532 e A 3 
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restrained to be 1.542 A, and C(20)-C(21) was restrained to be 1.558 A, all with effective 
esds of 0.01 A. Also the heavy atoms of the norbomene group were refined with isotropic 
displacement parameters. 
A second data set was collected for a colourless column shaped crystal at low 
temperature [150 K] to help resolve the disorder. Data were collected in the monoclinic 
crystal system. However, the space group of the low temperature data set is not C21c, as there 
is a significant number of the general reflections hkl with h+k odd. Some of these reflections 
are very strong, and are given below. 
h 	k / 10F0 10F0 10cr 
1 	1 2 203.4 195.3 0.4 
1 	1 4 165.5 157.4 0.5 
1 	3 1 128.7 115.8 0.4 
1 	5 0 102.3 97.8 0.5 
These reflections break the absence conditions for a C-centred lattice. Systematic absences 
for a two-fold screw axis and glide plane were observed, and the structure was solved in the 
space group P211n. The non-standard setting of P211c was used so that 3 is close to 900. 
There is one whole molecule per asymmetric unit in P211n. Disorder of the 
norbornene group was also observed in this structure. Two alternative positions for of the 
norbomene group were modelled with a refining relative site occupancy factor. The 
geometries of the atoms of the two alternative benzonorbomene groups were restrained to be 
equivalent, i.e. the following pairs of interatomic distances were restrained to be the same 
with an effective esd of 0.001 A: C(22)-C(9), C(8)-C(19); C(21')-C(22), C(19)-C(20); C(20')-
C(21 '), C(20)-C(21); C(23')-C(22), C(19)-C(23); C(23')-C(20'), C(2 1 )-C(23); C(23)-C(22), 
C(1 9)-C(23'); C(23 )-C(20'), C(2 1 )-C(23'); C(2 1 )-C(22), C(1 9)-C(20'); C(2 1 )-C(9), C(8)-C(20'); 
C(20)-C(22), C(19)-C(21'); C(23')-C(9), C(8)-C(23); C(20)-C(20'), C(21)-C(21'); C(20)-C(23), 
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Table 5.3.5.2. Crystal data and structure refinement of the low temperature data set for 
1 ,3-bis-(3 ,4-dicyanophenoxy) benzonothomene 
Identification code LSI1 17 
Empirical formula C27H 16N402 
Formula weight 428.44 
Temperature 150(2) K 
Wavelength 0.71073 A 
Crystal system Monoclinic 
Systematic absences hOl when h+! = 2n+1 
OkO when k = 2n+1 
Space group P2 11n 
Unit cell dimensions a = 8.3050(10) A 
b = 13.8700(10) A 
c = 18.6890(10) A 
= 91.670(10)° 
Volume 215 1.9(3) A3 
Z 4 
Asymmetric unit One whole molecule 
Density (calculated) 1.322 Mg m 3 
Atomic volume 16.30 A3 per non-hydrogen atom 
Absorption coefficient 0.086 mm' 
F(000) 888 
Crystal size 0.89 x 0.23 x 0.16 mm 
Theta range for data collection 2.63 to 22.50 0 
Index ranges -8 !:t: h 5 8 
-14 !~ k:5 14 
0 !~ I 5 20 
Reflections collected 4354 
Independent reflections 2785 [R(int) = 0.24081 
Reflections with I> 2a(I) 1295 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2761 / 18 / 267 
Goodness-of-fit on F2 1.049 
Final R indices [1> 2a(I)] R 1 = 0.1384, wR 2 = 0.3522 
R indices (all data) R 1 = 0.2578, wR 2  = 0.4721 
Largest cliff, peak and trough 1.137 and -0.727 e A 3 
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C(23')-C(21'); C(19)-C(21), C(19)-C(9); C(8)-C(23'), C(23)-C(9); C(8)-C(20), C(21')-C(9). 
A common isotropic thermal parameter was refined for both of the disordered norbomene 
groups. The site occupancies of the two components of the disordered norbomene group in 
the converged structure are effectively equivalent [site occupancy factor of.major component 
= 0.52(2)]. 
5.3.6. Crystal St3iucture Detemuinalion of4,4'-Bis-(3,4-dicyanophenoxy)-3,3',5,5'-tetia-methyl-
1,1'-biphenyl 
NC 	 CN 
N C 	0 -40-0 ,-- CN 
Displayed stnictui 5.3.6. 4,4'-Bi s-(3 ,4-dicyanophenoxy}-3 ,3 ',5 ,5'-tetra-methyl- 1,1'- 
biphenyl 
4,4'-Bis-(3 ,4-dicyanophenoxy)-3 ,3',5 ,5'-tetra-m ethyl- 1,1 '-biphenyl [LSI1 03] has a 
central biphenyl group with methyl groups in all the ortho positions to the ether linkages, 
which limits the conformation about the ether linkage by hindering rotation about the ether 
linkage. Data were collected for a colourless plate like crystal in the triclinic crystal system. 
The results of the N(z) test are as follows. 
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z hkl centro acentro 
0.1 27.27 24.81 9.52 
0.2 35.23 34.53 18.13 
0.3 43.64 41.87 25.92 
0.4 51.82 47.38 32.97 
0.5 59.20 52.05 39.35 
0.6 63.41 56.14 45.12 
0.7 67.27 59.72 50.34 
0.8 70.11 62.89 55.07 
0.9 72.61 65.72 59.34 
1.0 74.89 68.33 63.21 
Thus the N(z) test predicted that the data are centrosymmetric and the structure was solved 
in the space group P1. 
The biphenyl group is constrained to be planar by symmetry. Although crystal 
structures with planar biphenyl groups are known [see review of biphenyl group geometries 
by Brock el a!, 1989], the structure was also solved in the space group P1 with one molecule 
per asymmetric unit, to ensure that the space group had not been wrongly assigned due to 
the biphenyl group being close to planar. A isotropic heavy-atom model with idealised 
hydrogens converged with an R-factor R 1 = 0.070 with F. > 4(F0). The molecule was found 
to possess an inversion centre, thus the space group was confirmed as P1. 
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Table 5.3.6. Crystal data and structure refinement for 4,4'-bis-(3,4-dicyanophenoxy)- 
3,3',5 ,5'-tetra-m ethyl- 1,1'-biphenyl 
Identification code LSI103 
Empirical formula C32HN402 
Formula weight 494.54 
Temperature 150(2) K 
Wavelength 0.71073 A 
Crystal system Triclinic 
Space group P1 
Unit cell dimensions a = 7.241(11) A 
b = 7.982(13) A 
c = 11.98(2) A 
a= 103.85(12)0 
= 93.42(12)° 
-y = 109.55(1 1)0 
Volume 626(2) A3 
z 
Asymmetric unit One half-molecule near an inversion 
centre 
Density (calculated) 1.312 Mg m 3 
Atomic volume 16.47 A3 per non-hydrogen atom 
Absorption coefficient 0.084 mm-' 
F(000) 258 
Crystal size 0.39 x 0.12 x 0.08 mm 
Theta range for data collection 2.82 to 19.99 0 
Index ranges -6 :5 h 15 6 
-7 <k < 7 
0 	I 5 11 
Reflections collected 1170 
Independent reflections 1170 
Reflections with I> 2a(I) 545 
Refinement method Full-matrix least-squares on 172  
Data I restraints I parameters 1170/0/174 
Goodness-of-fit on 172  0.958 
Final R indices [I> 2a(I)] R 1 = 0.0502, wR 2 = 0.1160 
R indices (all data) R 1 = 0.1763, wR 2 = 0.1581 
Largest cliff, peak and trough 0.316 and -0.282 e K3 
122 
5.3.7. Crystal Structuie Detemiinalion of4,4'-Bis-(3,4-dicyanophenoxy)-3,3'-di-tertiary-butyl-
1,1'-biphenyl 
NC 	tBU 	 tBU 	CN 
'NC 	0 ---j 0 _(J$- C N 
Displayed structure 5.3.7. 4,4'-Bis-(3 ,4-dicyanophenoxy)-3 ,3 '-di-tertiary-butyl-1 , 1 '-biphenyl 
4,4'-Bis-(3 ,4-dicyanophenoxy)-3 ,3'-di-tertiary-butyl- 1,1 '-biphenyl [LE0023] is based 
on a biphenyl group with tertiary-butyl groups in half the positions ortho to the ether 
linkages. Data were collected for a colourless block in the trigonal crystal system. The 
structure was solved in the space group P3 1 , this gave two whole molecules per asymmetric 
unit, both molecules possessed a crystallographic two-fold axis. The results of the N(z) test 
are as follows. 
Z hkl centro acentro 
0.1 9.22 24.81 9.52 
0.2 17.73 34.53 18.13 
0.3 26.70 41.87 25.92 
0.4 33.60 47.38 32.97 
0.5 40.37 52.05 39.35 
0.6 45.90 56.14 45.12 
0.7 51.36 59.72 50.34 
0.8 56.27 62.89 55.07 
0.9 60.57 65.72 59.34 
1.0 64.17 68.33 63.21 
Thus the N(z) conformed a centric distribution of the data in the zone ho!, and so the 
structure was resolved in the space group P3 1 21. A disordered acetonitrile solvent molecule 
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Table 5.3.7. Crystal data and structure refinement for 4,4'-Bis-(3,4-dicyanophenoxy)-3,3'- 
di-tertiaiy-butyl- 1,1 '-biphenyl 
Identification code LE0023 
Empirical formula C36HN402 
Formula weight 571.17 
Temperature 293(2) K 
Wavelength 1.54180 A 
Crystal system Trigonal 
Systematic absences 001 when 1 = 3n+1, 3n+2. 
Space group P3 1 21 
Unit cell dimensions a = 13.301(7) A 
c = 30.41(2) A 
Volume 4659(5) A3 
Z 6 
Asymmetric unit Two independent half-molecules and an 
acetonitrile molecule (sof = 0.5) all near 
two fold axes 
Density (calculated) 1.221 Mg m 3 
Atomic volume 17.85 A3 per non-hydrogen atom 
Absorption coefficient 0.610 mm' 
F(000) 1806 
Theta range for data collection 3.84 to 62.38 0 
Index ranges -125; h !~ 12 
0:5 k :5 14 
0 !~ / < 35 
Reflections collected 3977 
Independent reflections 3947 [R(int) = 0.0115] 
Reflections with !> 2a(I) 3690 
Refinement method Full-matrix least-squares on F2 
Data I restraints / parameters 3942/0/397 
Goodness-of-fit on F2 1.034 
Final R indices [I> 2c;(!)] R 1 = 0.0448, wR 2 = 0.1204 
R indices (all data) R 1 = 0.0479, wR 2 = 0.1242 
Extinction coefficient 0.0027(3) 
Largest cliff, peak and trough 0.247 and -0.170 e k3 
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was found near a two fold axis. A site occupancy factor was refined for the acetonitrile 
molecule which converged at a 0.49(1) and so it was fixed at 0.5 in the final refinement. 
53.8. Crystal Structure Detemiination of 2,2-Bis-(4-(3,4-dicyanophenoxy)-3,5-di-tflethYI-
phenyl] pnpane 
	
NC 	 CN 
N C _4 
	
0 C N 
Displayed structure 5.3.8. 2,2-Bis-[4-(3 ,4-dicyanophenoxy)-3 ,5-di-methyl-phenyl] propane 
2,2-Bis-[4-(3 ,4-dicyanophenoxy)-3 ,5-di-methyl-phenyl] propane [LSI1 101 has methyl 
groups ortho to the ether linkages that limit the conformation about the ether linkages. 
However, the molecule does possess an isopropylidene hinge that gives it another 
conformational degree of freedom. Data were collected at ambient temperature [298 K] in 
the monoclinic crystal system, the structure was solved in P21 1n, with one whole molecule 
per asymmetric unit. The non-standard setting of P21 1c was used so that 3 is close to 90°. 
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Table 5.3.8. Crystal data and structure refinement for 2 ,2-Bis- [4-(3,4-dicyanophenoxy)- 
3,5-di-methyl-phenyl] propane 
Identification code LSI1 10 
Empirical formula C35HN402 
Formula weight 536.61 
Temperature 298(2) K 
Wavelength 1.54180 A 
Crystal system Monoclinic 
Systematic absences hOl when h+1 = 2n+1 
OkO when k = 2n+1 
Space group P2 1 1n 
Unit cell dimensions a = 17.5 19(9) A 
b = 7.577(5) A 
c = 23.37(2) A 
= 102.67(5)° 
Volume 3027(3) A3 
Z 4 
Asymmetric unit One whole molecule 
Density (calculated) 1.178 Mg m 3 
Atomic volume 18.46 A3 per non-hydngen atom 
Absorption coefficient 0.590 mm' 
F(000) 1128 
Theta range for data collection 2.87 to 59.30 0 
Index ranges -19!~ h :519 
-7!~ k :58 
-26!~ 1:5 24 
Reflections collected 3956 
Independent reflections 3956 
Reflections with I> 2a(J) 1545 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3956/0/388 
Goodness-of-fit on F2 1.030 
Final R indices [1> 2a(I)] R 1 = 0.0743, wR 2  = 0.1762 
R indices (all data) R 1  = 0.2085, wR 2  = 0.2521  
Largest cliff, peak and trough 0.250 and -0.3 10 e A 3 
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5.3.9. Crystal structure determination of 1,1'-bis-[ 4-(3 ,4-dicyanophenoxy) -2-methyl -5- tertiary -
butyl-phenyl] butane 
NC 	 CN 
NC_ D-s-cS---  CN '=-\ 
tBU 	 tBu 
Displayed structure 5.3.9. 1,1 '-Bis-[4-(3,4-dicyanophenoxy)-2-m ethyl-5-tertiary-butyl- 
phenyl] butane 
1,1 '-B is-[4-(3  ,4-dicyanophenoxy)-2-m ethyl-5 -tertiary-butyl-phenyl] butane [LS1338] 
has tertiary-butyl groups in half the positions ortho to the ether linkages and methyl groups 
in half the positions ortho to the butylidene hinge. The butylidene hinge unit gives the 
molecule another confonnational degree of freedom. Data were collected for a colourless 
plate like crystal, the crystal was weakly diffracting and so learnt profiles were used to 
improve the statistics of the data. The space group was uniquely determined as P211c by the 
systematic absences, and solved with one whole molecule per asymmetric unit. 
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Table 5.3.9. Crystal data and structure refinement for l,l' -Bis- [4-(3 ,4-dicyanophenoxy)-2- 
methyl-5 -tertiary -butyl-phenyll butane 
Identification code LS1338 
Empirical foimula C42H42N402 
Fonnula weight 634.80 
Temperature 298(2) K 
Wavelength 0.71073 A 
Crystal system Monoclinic 
Systematic absences hO! when I = 2n+1 
OkO when k = 2n+1 
Space group P21/c 
Unit cell dimensions a = 12.6980(11) A 
Li = 14.0188(12) A 
c = 20.361(2) A 
= 90.22(2) 
Volume 3624.5(6) A3 
Z 4 
Asymmetric unit One whole molecule 
Density (calculated) 1.163 Mg m 3 
Atomic volume 18.88 A3 per non-hydrogen atom 
Absorption coefficient 0.072 mm' 
F(000) 1352 
Crystal size 0.66 x 0.45 x 0.12 mm 
Theta range for data collection 2.56 to 22.52 0 
Index ranges -13!5 h :5 13 
0:5 k 15 15 
0:5 1:5 21 
Reflections collected 5296 
Independent reflections 4734 [R(int) = 0.1241] 
Reflections with I> 2a(/) 2745 
Refinement method Full-matrix least-squares on F2 
Data / restraints I parameters 4666/0/443 
Goodness-of-fit on F2 1.051 
Final R indices {!> 2a(I)] R 1 = 0.0722, wR 2 =0.1553 
R indices (all data) R 1 = 0.1382, wR 2 =0.2133 
Extinction coefficient 0.0048(6) 
Largest diff. peak and trough 0.441 and -0.238 e A 3 
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CHAFFER 6 
Molecular Geometry and Crystal Packing of Tetmnitziles Based on Hydroquinones and 
Resorcinols 
6.1. Introduction 
The molecular geometry of the tetranitriles is interesting as it will provide 
information on the preferred conformations about the ether linkages and hinge units, and how 
various substituents on the central aromatic ring(s) affect the conformation. Studies of the 
crystal packing in the tetranitriles are also important to help identify and quantify the 
intermolecular interactions between tetranitrile molecules. These weak intermolecular forces 
such as van der Waals and electrostatic forces which control crystal formation will also be 
present in the polymers, and thus of vital importance in the understanding of the structure 
of the tetranitriles and relating this to the properties of the polymers. 
It is expected that there will be numerous weak intermolecular interactions in the 
tetranitrile crystals and that the contribution from each of them will be difficult to determine. 
To simplify the study the tetranitrile structures obtained have been divided into two groups 
of similar molecules with either one inner aromatic ring [this chapter] or two inner aromatic 
rings [chapter 7]. The structures in each group will then be compared to see which 
intermolecular interactions occur repeatedly and how modifying the molecule changes the 
intermolecular interactions present. This should indicate the significance of the most common 
intermolecular interactions in the tetra.nitriles. 
Molecular geomeily.-. The conformation of the tetranitriles is determined by the ether 
linkages, and any hinge units between the inner aromatic rings. There are three distinct ideal 
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conformations that dliphenyl ether groups can adopt about the ether linkages [Pierce et a!, 
1993]. These conformations defined relative to the dihedral angles that the planes of phenyl 
rings make with the ether [C-O-C] plane are: 
Planar [Displayed structure 6.1.1.], both phenyl rings are coplanar with the ether plane 
[dihedral angles between phenyl and ether planes of 00].  This is a high energy conformation 
due to the short intramolecular distance between a pair of hydrogen atoms ortho to the ether 
linkage [Hagasi et a!, 1960]. No crystal structures with a diphenyl ether fragment with this 
conformation were found in the Cambridge Structural Database [Allen et a!, 1979, 19831, 
presumably due to this unfavourable steric interaction. 
ao'.10 
Displayed structui 6.1.1. 
Skewed [Displayed structure 6.1.2.], one phenyl ring is coplanar and the other is 
perpendicular to the ether plane [dihedral angles between phenyl and ether planes of 0 0 and 
900]. The planes of the phenyl rings are now perpendicular to one another. This removes the 
unfavourable HH intramolecular contacts present in the planar conformation. There is also 
the possibility of a favourable intramolecular interaction between a hydrogen atom ortho to 
the ether linkage and the telectrun cloud of the other ring [Stumpf, 19531. 
().,0", 
Displayed structui 6.1.2. 
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Them are many examples of crystal structures with this conformation, e.g. 4'-hydmxyl-4-
methyl-2,3',5',6-tetraiodophenol ether has dihedral angles between the phenyl and ether planes 
of 4.0° and 88.5 1' [PiDut et a!, 1988]. 
3. Butterfly [Displayed structure 6.1.3.], both phenyl rings are perpendicular to the ether 
plane [dihedral angles between phenyl and ether planes of 90°1, e.g. 10-(3-dimethylanino-
pn,pyl)-2-nitio-10,1 1-dihydmbenz(b,f)(1,4)oxazepin-1 1-one has dihedral angles between the 
phenyl and ether planes of 68.9 1' and 69.3 0 [Johnson et a!, 1992]. Steric hindrance within the 
molecule decreases from planar, through skewed, to a butterfly conformation. However, this 
confoimation has the least conjugation between the lone pairs on the ether oxygen atom and 
the ir-election cloud of the phenyl groups [Pierce et a!, 1994]. Hence the butterfly 
conformation is destabilised with respect to the skewed conformation, and so there are not 
as many examples of crystal structures with this conformation. 
Displayed structure 6.1.3. 
The intermediate conformations between these ideal conformations are called half-
planar [dihedral angles between phenyl and ether planes of 0° and 45°], half-butterfly 
[dihedral angles of 45 0 and 900] and half-half [both dihedral angles of 45°1. 
A theoretical study of the conformation of diphenyl ether by Pierce et al using the 
AM  semi empirical technique predicted that the ideal planar and butterfly confoimations are 
31.4 and 6.3 kJ mo1 1 less stable than the ideal skewed conformation [Pierce et a!, 1994; 
Stewart, 1990]. However, Pierce et al also found on optimizing all geometrical parameters 
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that a conformation with both dihedral angles of 370  was the global minimum and 1.7 kJ 
mol' lower in energy than the skewed conformation. 
The positions of the mtrile groups on the phthalonitrile ring are defined relative to 
the ether linkage. The meta mtrile group can be in one of two positions, and so its position 
is determined by the torsion angle between the mtrile group and the 0-C bond to the inner-
ring [i.e. torsion angle NCOX in Displayed structure 6.1.4.]. When this torsion angle is 1800 
and 00  the nitiile group is designated as in the trans and cis positions, respectively. 
trans N 
cis N 
Displayed structure 6.1.4. 
The conformation of two rings with respect to one another when they are separated 
by another ring is given by the torsion angle C-XY-C as shown in Displayed structure 6.1.5. 
When this torsion angle is 180 0 and 0 0 the rings are said to be trans and cis with respect to 
one another. 
O- I x--( >- -Y-0  / '---I 
Displayed structure 6.1.5. 
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Crystal packing.- The crystal packing schemes of the tetranitriles are likely to involve 
interactions between the phenyl rings as described in numerous reviews of experimental data 
[Herbstein, 1971; Gavezzotti, 1989] and theoretical studies [Williams, 1980; Lii eta!, 1989] 
of the intermolecular interactions between aromatic it-systems. The phenyl rings have large 
van der Waals surfaces and also possess electrostatic charges due to the number, location and 
type of substituents. The presence of oxygen atoms and nitrile groups on the phenyl rings 
makes the ring carbon atoms electropositive with respect to the hetero-atoms [Hunter, 19931. 
Thus the combination of van der Waals interactions between the planes of the phenyl rings 
and electrostatic interactions due to the distribution of charge across the phenyl rings 
determines the magnitude and geometry of the interactions between the phenyl rings. 
The intermolecular interactions between phenyl rings can be described by a set of six 
geometrical parameters called the 'inter-ring parameters', which are calculated as follows 
[Gould et a!, 1985a,b]. One of the rings is defined as the origin-ring, with its centre at the 
origin of a Cartesian coordinate system and lying in the xy plane. The inter-ring parameters 
are then defined as the: 
Dihedral angle [Dihed.] between the planes [Displayed structure 6.1.6.]. A dihedral angle 
of 00  means the planes are parallel, and 90 0 that they are perpendicular. 
Distance between the centres of the rings ,(cent) [Displayed structure 6.1.6.]. 
Elevation [Elev.] of i(cent) to the xy-plane [Displayed structure 6.1.6.]. 
Perpendicular distance r(z), which is the distance along the z-axis [i.e. perpendicular to the 
origin-ring] between the centres of the rings [Displayed structure 6.1.6.]. 
Projected distance i(xy), which is the distance between the centres of the rings projected 









Displayed stnictuis 6.1.7. Orientation angles (a) 0° and (b) 1800 
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6. Orientation angle [Orient.], which is the torsion angle CO"OC between the C-O bonds of 
the rings. An orientation angle of 0° means the rings are aligned in the same direction, and 
180° that they are aligned in opposite directions [Displayed structures 6.1.7.(a) and (b)]. 
In the cases where the elevation and interplanar distances ,(xy) and i(z) are not the 
same when calculated from both rings, both values are given with the second set of values 
in square brackets. If the inter-ring parameters involve a phthalonitrile ring, the first set of 
inter-ring parameters are always calculated with the phthalonitrile ring as the origin-ring. If 
the inter-ring parameters are between a pair of phthalonitrile rings [or a pair of inner-rings] 
the first set of parameters are either calculated with the ring labelled with the lowest numbers 
as the origin-ring, or if they are symmetry equivalent rings, from the ring at (xy,z). 
There are three different ideal ways two phenyl rings can pack with respect to one 
another [Jorgensen et al, 1990; Johnson et a!, 1969]. 
1. Face-to-face [Displayed structures 6.1.8. (a) and (b)], both rings are planar, with an 





Displayed stmctuis 6.1.8. 
The rings can be directly on top of one another [Displayed structure 6.1.8. (a)], i.e. r(xy) 
0.0 A, with for example C"C intermolecular contacts. This maximises the van der Waals 
forces which favours this mode of stacking. However, it is electrostatically unfavourable, as 
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it also maximises ic-electron repulsion [it-it type interaction]. If the rings are shifted so that 
they are not directly on top of one another, i.e. r(xy) 2.0 A, there are for example C ... H 
intermolecular contacts [Displayed structure 6.1.8. (b)]. This allows for electrostatically 
favourable interactions between the it-cloud and hydrogen atoms [7r-a type interaction]. 
Edge-to-face [Displayed structure 6.1.9.1, the rings are perpendicular to one another, i.e. 
dihedral angle 90.00.  This minimizes the van der Waals interactions between the phenyl 
rings but increases the likelihood of favourable electrostatic interactions with the ic-cloud, 
with for example short intermolecular contacts between phenyl carbon and hydrogen atoms 
which is a favourable it-a type interaction. 
Displayed stnictui 6.1.9. 
Edge-to-edge [Displayed structure 6.1.10.], the rings are coplanar, i.e. dihedral angle 
0.00 and i(z) 0.0 A, with for example short intermolecular contacts between the phenyl 
hydrogen atoms. This is likely to be the least favourable mode of all as there is little 
electrostatic or van der Waals interactions present. 
Displayed structure 6.1.10. 
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The outer limit for a significant inter-ring intermolecular interaction is set at r(cent) 
7.0 A, as it is unlikely that there could be a strong intermolecular interaction between the 
ring atoms whose ring centres are this far apart. 
'The nitrile groups alt also likely to provide a significant contribution to the overall 
molecular packing scheme due to their positions at the ends of the molecule and from 
electrostatic considerations. Nitrile groups are known to form antiparallel nitrilenithle 
contacts in which a pair of nitrile groups axe packed beside one another but pointing in 
opposite directions [e.g. the crystal structure of 1 ,4-dicyanobenzene [van Rij et a!, 1977] 
possesses antiparallel nitrile"nitrile contacts from 3.56 to 3.70 A]. An electrostatic interaction 
is predicted to be the cause of the antiparallel nittilenitri1e contacts between the 
electropositive carbon and electronegative nitrogen atoms [van Rij et a!, 1977]. Electrostatic 
interactions are also expected between the nitrile atoms and the phenyl rings, and axe 
classified as xr-nitrile type interactions. 
Short intermolecular contacts between nitrile nitrogen atoms and hydrogen atoms [e.g. 
aromatic hydrogen atoms] are also known, for example the shortest NH intermolecular 
contact in 1,2-dicyanobenzene is 2.657(16) A, with a CNH angle of 137.9 0 [Janczac ci a!, 
1995]. Theoretical studies by Koliman [Koilman, 1972] on HCN"HF 'hydrogen-bonds' reveal 
that the normal valence bond theory [Pauling, 1960] concept that the lone pair is the donor 
[Pimentel ci a!, 1960] does not adequately explain the theoretical geometry, as CNDO/2 
semiempirical molecular orbital calculations [Pople et a!, 1966] predict the CN"H angle to 
be 1350 . Thus intermolecular N  contacts, which can be considered as weak hydrogen-
bonds, may have CNH angles in the range 135 0 to 1800 . 
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Contacts involving the nitrile groups are expected to be important in the crystal 
structure of the tetranitriles. However, these nitrile groups are obviously not present in the 
polymers. Thus care must be taken when considering how the intermolecular interactions in 
the tetranitriles are related to those in the polymers. 
Oxygen atoms due to their lone pairs and electronegativity [Pierce el a!, 1993] like 
to be involved in strong intermolecular interactions [Murray-Rust et a!, 1984]. However, the 
oxygen atoms only have bulky phenyl groups attached and so are likely to be hindered from 
forming any close intermolecular contacts. 
6.2. Molecular Geometry and Crystal Packing of LS1244 
Molecular geometry.- Figure 6.2.1. is a thermal ellipsoid plot of LS1244, showing the 
numbering scheme used [only the symmetry independent half of the molecule is labelled, as 
this molecule is bisected by a crystallographic two-fold axis at ( '/2y,%)]. The anisotropic 
displacement parameters of N(3) are rather large, especially perpendicular to the plane of the 
phthalomtrile group [U11 = 0.047(1), U22 = 0.073(1), U33 = 0.013(1) Al. Small oscillations 
around the bond C(1)-O(1) [i.e. an axis through 0(1)N(4)] would only have a significant 
effect on C(3') and N(3), as all the other atoms of the phthalonitrile group are close to the 
rotation axis. Thus of all the possible thermal motions affecting the phthalomtrile group this 
motion is the most likely cause of the large thermal parameters. 
The hydroquinone and phthalonitrile planes are approximately perpendicular and 
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C(7) to C(9) and (1-xy,1'/z-z) 
symmetry equivalents 
Ether plane 








Thus the molecule adopts a distorted skewed conformation. The symmetry equivalent 
phthalonitrile groups are trans across the hydroquinone ring [C(1)O(1)O(1X1-xy,1'/2- 
z)C(1)(1-xy,1'A-z) = 131.0(3)°], with the meta nitrile group in the trans position 
[N(3)C(3)0(1)C(7) = -167.1(2)°]. The distortion away from an ideal skewed conformation 
is likely to be due to packing effects. The greatest distortion is due to the torsion about C(7)-
0(1). The torsion angle C(9)C(7)0(1)C(1) = 67.8(2) 0 reduces the intramolecular distance 
between C(9) and C(6) compared to an ideal torsion angle of 900.  As a consequence, there 
is a rotation about C(1)-O(1), i.e. the torsion angle C(6)C(1)O(1)C(7) = 10.0(3)°, which 
increases the intramolecular distance between C(9) and C(6). Thus the shortest intramolecular 
distance between the phenyl groups which is dependent on these two torsion angles is 
H(6)C(9) 2.792(2) A. 
The bond angles and torsion angles about the ether linkage are as follows. 
Torsion angle /0 Bond angle /0 
C(2)C(1)0(1)C(7) -171.5(1) C(2)C(1)0(1) 114.5(1) 
C(8)C(7)0(1)C(l) -116.8(2) C(8)C(7)0(1) 117.2(2) 
C(9)C(7)0(1)C(l) 67.8(2) C(9)C(7)0(1) 120.1(2) 
C(6)C(I)O(I)C(7) 10.0(3) C(6)C(1 )0(1) 124.3(1) 
Investigation of the geometry of the ether linkage reveals that as the torsion angles about the 
C-0 bonds go from trans [±180°] to cis [0°], the bond angles increase presumably due to 
steric repulsion. 
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Crystal packing.- A prominent feature of the packing of LS1244 is sheets of 
molecules parallel to the (202) planes [Figures 6.2.2. (a) and (b)]. Thus 202 is among the 
most intense reflections [F0 = 183.6, F = 197.1, cy = 2.2]. The dihedral angles between the 
planes through the rings in the molecule and important crystallographic planes are given 
below. 
Phthalonitrile plane 	Hydroquinone plane 
	
(202) 	 73.2(1)0 	 54.2(1)° 
(010) 	 20.1(1)0 	 89.7(1)° 
An interesting feature of these sheets is the stacking of phthalonitrile rings along the 
b-axis direction. Adjacent phthalonitrile rings in these stacks are related by inversion centres, 
thus the planes through these rings are parallel. There are two different face-to-face 
interactions present in the stacks, interactions 1 and 2, as shown in Figures 6.2.3. (a) and (b). 
The inter-ring parameters for these interactions are given below. 
Interact. 	Dihed. /0 	r(cent)/ A Elev. / 0 i(xy) / A ,(z) / A 	Orient. 1° 
1 	0.0 	4.205(3) 55.4(2) 2.386(3) 3.463(3) 	180.0 
2 	0.0 	3.682(3) 71.6(2) 1.164(3) 3.493(3) 	180.0 
The perpendicular distances between the phthalomtrile planes in the two different 
interactions are similar. However, the projected interplanar distance for interaction 1 is 
significantly larger than that for interaction 2. These differences can be highlighted by 
comparing the closest intermolecular contacts observed between the planes. 
Close intermolecular contacts are observed in interaction 1 between ring atoms, e.g. 
the shortest contact is C(4)C(4)('/2-x,-'/2-y,1-z) 3.507(2) A. However, there are a significant 
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number of intermolecular contacts between ring and mtrile-group atoms, e.g. the shortest CN 
and CC are C(1)"N(4X'/z-x,-'/z-y,l-z) 3.439(2) A and C(3')C(4)('A-x,-'/z-y,1-z) 3.581(2) A. 
There is also a close intermolecular contact between the nitrile group and the aromatic 
hydrogen atom of a hydroquinone ring, i.e. H(9)N(4X'/2-x,-'/2-y,1-z) 2.530(2) A, with CNH 
and NHC angles of 125.8(1) 0 and 157.2(1)0 respectively. The inter-ring parameters for the 
phthalomtrile and hydroquinone rings involved in this interaction are given below. 
	
Dihed. /0 	,(cent) / A 	Elev. /0 	i(xy) / A 	i(z) / A 	Orient. /0 
71.5(3) 	9.568(3) 	11.4(2) 	9.379(3) 	1.891(3) 	-122.8(3) 
[43.9(2)] [6.899(3)] [6.628(3)] 
In contrast, interaction 2 has more close intermolecular contacts between the ring 
atoms, e.g. the shortest contact is C(1) ... C(3) ('/2-X,'/2-y,1-Z) 3.559(2) A. Interaction 2 also has 
a close intermolecular contact between a nitrile group and the hydroquinone ring, i.e. 
H(8)"N(4)(Y2-x,'/z-y,l-z) 2.699(2) A, with CN"H and N"HC angles of 98.5(1)° and 159.7(1)° 
respectively. The inter-ring parameters for the phthalonitrile and hydroquinone rings involved 
in this interaction are given below. 
Dihed. /0 	i(cent) IA 	Elev. /0 	r(xy) / A 	t(z) / A 	Orient. /0 
71.5(3) 	7.826(3) 	16.7(3) 	7.498(3) 	2.242(3) 	80.2(3) 
[23.6(3)] [7.171(3)] [3.135(3)] 
Both face-to-face interactions between phthalonitrile groups have a contribution from 
an electrostatically unfavourable it-it interaction. The difference is that interaction 1 has a 
significant contribution from a ir-nitrile interaction. The perpendicular interplanar distance 
[i(z)] of interaction 1 is 0.03 A shorter than that of the interaction 2, which is a significant 
difference [0.03 A = 10 esdi]. This indicates that the contribution from a 71-nitrile interaction 
is more favourable than a it-it interaction alone. 
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Phthalonitrile ring stacking accounts for most of the short intermolecular contacts 
present in the sheets. Hence it is the major packing force within the sheets of molecules. The 
only interaction between hydroquinone rings in these planes is rather long, i.e. H(8)"H(9)(Y2- 
x,-'/2-y,1-z) 3.355(2) A. 
There are a significant number of close intermolecular contacts between the sheets 
of molecules parallel to (202). The sheets are staggered with respect to one another, so that 
the phthalonitrile rings pack near to the hydroquinone rings, to increase the packing 
efficiency. Figure 6.2.4. shows how the sheets are aligned so that the phthalomtrile rings are 
close to oxygen atoms in adjacent planes EH(2)O(1)(1-x,-y,1-z) 2.873(1) Aj. Therefore, the 
phthalomtrile rings have the opportunity for intermolecular interactions with the phthalonitrile 
and hydroquinone groups in adjacent sheets. These interactions are described by the inter-ring 
parameters below. 
Interact. 	Dihed. /0 	i(cent)/ A 
3 	71.5(3) 	6.047(3) 
4 	0.0 	6.318(3) 
Elev. /0 ,(xy) / A r(z) / A 
46.8(2) 4.140(3) 4.407(3) 
[19.2(2)] [5.711(3)] [1.989(3)] 




Interaction 3 is an edge-to-face type between the phthalonitrile and hydroquinone 
rings. Hydrogen atoms of the phthalonitrile ring are in contact with carbon atoms of the face 
of the hydroquinone ring, e.g. H(2)"C(9)(1-x,-y,1-z) 3.412(2) A and H(2)"C(7)(1-x,-y,1-z) 
3.417(2) A. Interaction 4 is an edge-to-edge type between phthalonitrile rings, with the 
following close intermolecular contacts: H(2)H(2)(1-x,-y,1-z) 3.268(2) A and C(2)H(2)(1-




These interactions are also accompanied by a short intermolecular contact between 
a ring hydrogen-atom and a nitrile nitrogen-atom, i.e. N(3)H(6Xx,-y,-Y2+z) 2.530(2) A, with 
CN"H and NHC angles of 161.2(1)° and 160.2(1)° respectively. The inter-ring parameters 
for the phthalonitrile groups involved in this short NH contact are given below. 
	
Dihed. /0 	i(cent) IA 	Elev. /0 	r(xy) / A 	i(z) I A 	Orient. /0 
40.0(3) 	8.747(3) 	3.4(2) 	8.732(3) 	0.518(3) 	42.1(3) 
[0.0(2)] [8.747(3)] [0.000(3)] 
Figure 6.2.5. illustrates another significant interaction between two molecules in 
adjacent sheets. The edge of a phthalonitrile ring is interacting with the face of a 
hydroquinone ring, similar to the edge-to-face interaction described above, with the following 
inter-ring parameters. 
Dihed. /0 	,(cent) IA 	Elev. /0 	i(xy) I A 	r(z) I A 	Orient. /0 
71.5(3) 	6.140(3) 	50.8(2) 	3.879(3) 	4.759(3) 	170.3(3) 
[13.9(2)] [5.960(3)] [1.474(3)] 
The closest intermolecular contact in this edge-to-face interaction is 
C(8)"H(5)('/2+x,'/2±y,z) 3.068(2) A. Figure 6.2.5. also shows another short NH contact, 
H(2)"N(4)( 1A+x,Y2+y,z) 2.550(2) A, with CNH and N"HC angles of 133.2(1) 0 and 145.8(1)° 
respectively. The inter-ring parameters for the phthalomtrile groups involved in this 
interaction are given below. 
Dihed. /0 	i(cent) IA 	Elev. /0 	,(xy) I A 	i(z) I A 	Orient. 
/0 
0.0 	7.805(3) 	8.44(2) 	7.721(3) 	1.146(3) 	0.1(3) 
There is a antiparallel nitrile"nitrile contact between nitrile groups in adjacent sheets, 






they are related by an inversion centre. The shortest intermolecular contacts occur between 
the nitrogen and carbon atoms, e.g. C(4') --N(4)(-x,-y,1-z) 3.264(2) A. As well as the 
antiparallel nithle ... nitrile contact there is a short N  contact present, i.e. N(4)H(5)(-x,-y,1-
z) 2.975(2) A, with CN"H and N"HC angles of 127.2(1) 0 and 111.3(1)° respectively. The 
inter-ring parameters between the respective phthalonitrile groups are as follows. 
Dihed. /0 	i(cent) IA 	Elev. /0 	,(xy) / A 	i(z) / A 	Orient. 
/0 
0.0 	7.639(3) 	17.9(2) 	7.270(3) 	2.348(3) 	180.0 
In summary, the packing of LS1244 consists of sheets of molecules parallel to (202), 
with the phthalomtrile rings stacked along the b-axis direction. The intermolecular 
interactions between molecules in the sheets are of the face-to-face type between 
phthalonitrile groups of ic-it and ic-mtrile character, combined with short NH contacts. The 
sheets are stacked in a staggered manner, so that when they stack the major interactions 
between the molecules in adjacent sheets are of the edge-to-face type between phthalonitrile 
and hydroquinone rings, with short NH contacts. Thus the overall packing scheme of 
LS1244 is largely due to the ring stacking. 
63. Molecular Geometry and Crystal Packing of LSI041 
Molecular geometly.- Figure 6.3.1. is a thermal ellipsoid plot of LSI041, showing the 
numbering scheme used [the inversion centre at ('/2,0,0) is at the centre of the hydroquinone 
ring, and so only the symmetry independent atoms are labelled]. The thermal parameters of 
N(3), C(3') and the methyl carbon-atoms [C(91), C(92) and C(93)] are large. Small 
oscillations around the bond O(1)-C(1) [i.e. an axis through O(1)N(4)] would only have a 












are close to the axis. Therefore this motion is the most likely cause of the large thermal 
parameters of N(3) and C(3'). Rotation about the bond C(9)-C(9') is the likely cause of the 
uniformly high thermal parameters of the methyl carbon-atoms. 
The hydroquinone and phthalonitrile planes are approximately perpendicular to and 
coplanar with the ether plane respectively, with the following dihedral angles between planes. 
Ether plane 
C(1), 0(1) and C(7) 
Phthalonitrile plane 
C(1) to C(6) 
9.0(3)° 
Hydroquinone plane 









Thus the molecule adopts a distorted skewed conformation similar to LS1244. The symmetry 
equivalent phthalomtrile groups of the molecule are required to be trans across the 
hydroquinone ring [C(1 )0(1 )0(1 )(1-x,-y,-z)C(1 )(1 -x,-y,-z) = 180.00], whilst the meta nitrile 
group is in the trans position [N(3)C(3)0(1)C(7) = 173.6(5) 0]. The distortion away from an 
ideal skewed conformation is sterically favoured as it reduces the intramolecular contacts 
between the phthalonitrile and tertiary-butyl groups. The tertiary-butyl group adopts a 
conformation that minimises steric interactions with 0(1) and the phthalomtrile group, i.e. 
C(92) which is in the plane of the hydroquinone ring, points away from 0(1), as it is trans 
to C(7): C(7)C(9)(1-x,-y,-z)C(9')(l -x,-y,-z)C(92)( 1-x,-y,-z) = -175 .2(5)0 . 
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The variation of CCO bond angle with CCOC dihedral angle is given below. 
Torsion angle /0 
C(2)C(I)O(I)C(7) 
C(9)( 1 -x,-y,-z)C(7)O( I )C( 1) 
C(8)C(7)0(1 )C(1) 
C(6)C(I)O(I)C(7) 
Bond angle /0 
172.8(5) C(2)C(1)0(1) 113.7(5) 
111.9(6) C(91-x,-y,-z)C(7)0(1) 117.9(5) 
-73.6(6) C(8)C(7)0(1) 116.4(5) 
-10.3(8) C(6)C(1)0(1) 124.5(5) 
The CCO bond angles at C(1) are similar to those observed for LS1244. However, the steric 
interaction between the phenyl groups which is relieved by a large C(8)C(7)0(1) angle is 
balanced by the steric effect of the tertiary-butyl group which causes a large C(9)(1-x,-y,-
z)C(7)0(1) angle. Thus these steric effects are cancelled out and the bond angles are within 
3 esds of one another. 
Crystal packing.- As in LS1244, a prominent feature in the packing of LSI041 is 
sheets of molecules parallel to the (202) planes [Figures 6.3.2. (a) and (b)]. Thus 202 is 
among the most intense reflections [F, = 282.2, F = 280.3, cy = 0.6]. The phthalonitrile plane 
is close to perpendicular to (202), and the hydroquinone plane is close to perpendicular to 
(010), with the following dihedral angles between planes. 
Phthalonitrile plane 	Hydroquinone plane 
	
(202) 	 87.6(1)° 	 25.0(1)0 
(010) 	 11.8(1)0 	 85.8(1)° 
Within the sheets there is only one type of face-to-face inter-ring interaction, 
compared to the two observed in LS1244. A pair of phthalomtrile groups are involved in a 
face-to-face interaction with one another, as shown in Figure 6.3.3. The inter-ring parameters 
for this interaction are as follows. 
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0-4 
Figum 6.31. (a) Packing diagram of LSI041 viewed normal to (010) 
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Dihedral /0 	F(cent) / A 	Elevation /0 	i(xy) / A 	1'(z) / A 
	
Orient. 1° 
0.0 	3.979(8) 	61.8(5) 	1.883(8) 	3.505(8) 
	
180.0 
The perpendicular interplanar distance i(z) is of the order for the optimum van der 
Waals interaction. Close intermolecular contacts of it-it character are observed between the 
ring atoms, e.g. the shortest C ... C contact is C(3)"C(5)(1 1/2-x,-Y2-y,'/2-z) 3.573(7) A. However, 
as the centres of the rings are not directly above one another, contacts are also observed 
between ring and nitrile atoms. Thus the interaction has significant it-mtrile character, e.g. 
the shortest contact between the ring and nitrile groups is C(2)C(4')(1'/2-x,- 1/2-y,'/2-Z) 3.588(8) 
A. 
This face-to-face interaction is also accompanied by a short NH intermolecular 
contact, i.e. N(4) ... H(8)(1'/2-x,-%-y,'/2-z) 2.540(7) A, with CN"H and N ... HC angles of 
1 14.0(5)' and 160.2(5)° respectively. The inter-ring parameters between the phthalonitrile and 
hydroquinone groups involved in this short N"H intermolecular contact are as follows. 
Dihedral /0 	?(cent) / A 	Elevation 1° 	,(xy) / A 	,(z) /A 	Orient. /0 
78.9(3) 	7.510(8) 	16.7(5) 	7.192(8) 	2.162(8) 	-85.4(5) 
[25.9(5)] [6.755(8)] [3.282(8)] 
Figure 6.3.4. shows the close intermolecular contacts between tertiary-butyl and 
nitrile groups in the sheets, e.g. the shortest N  and CH contacts are 
N(4)H(92B)('/2+x,'A+y,Y2+z) 2.855(23) A, and C(4')H(91B)('A+x,'A+y,'/2+z) 3.109(22) A. 
Thus the tertiary-butyl substituents prevent the phthalomtrile groups from forming stacks that 
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also a large number of intermolecular contacts between the tertiary-butyl groups within the 
sheets [no figure supplied], e.g. the shortest HH contact is H(92A)"H(92B)(1-x,-1-y,-z) 
2.651(33) A. 
It can be seen in Figure 6.3.2. (a) that when the sheets are stacked they are staggered 
with respect to one another, in a similar fashion to LS1244. The intermolecular contacts 
between molecules in different sheets are illustrated in Figures 6.3.5., 6.3.6. and 6.3.7. 
In Figure 6.3.5. there are two inter-ring interactions: 1 between phthalonitrile rings; 
and 2 between a phthalonitrile ring and a hydroquinone ring. The inter-ring parameters are 
as follows. 
Interact. 	Dihed. /0 	i(cent)/ A 	Elev. /0 r(xy) / A i(z) / A 	Orient. /0 
1 	23.7(3) 	6.547(8) 	-7.6(5) 6.490(8) 0.866(8) 	149.6(5) 
2 	87.1(3) 	6.065(8) 	49.0(5) 3.980(8) 4.577(8) 	-22.2(5) 
[8.0(5)] [6.006(8)] [0.846(8)] 
Interaction 1 is an edge-to-edge type, as the rings are approximately coplanar, with 
the closest intermolecular contact between the hydrogens of the phthalonitrile rings, e.g. the 
shortest HH contact is H(2)H(2)(1'/2-xy,-z)2.884(7) A. Therefore this is a weak interaction. 
Interaction 2 is an edge-to-face type, as the hydrogen atoms of the phthalonitrile ring 
are in contact with the face of the hydroquinone ring, e.g. the shortest HC contact is 
H(2)"C(7)(1 1 2-xy,-z) 3.052(7) A. Therefore this interaction has a contribution from a ir-
character electrostatic interaction. 
These interactions are accompanied by contacts between aromatic hydrogen atoms 
and hetero-atoms, e.g. the shortest H"O and HN contacts are H(2)"O(1)(1'/2-xy,-z) 2.328(6) 
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A and H(6)N(3)(-'A+x,-y;) 3.021(8) A. There are also numerous contacts between the 
hydrogens of the tertiary-butyl groups, e.g. the shortest HH contact is H(93B)H(93B)('/z-
xy,-z) 2.667(32) A. 
There are no other inter-ring interactions between the sheets, presumably due to the 
tertiary-butyl groups which are bulky and hinder close packing. In Figure 6.3.6. all the close 
intermolecular contacts involve the hydrogens of the tertiary-butyl groups, e.g. the shortest 
HH contacts between tertiary-butyl groups and between tertiary-butyl and phenyl groups are 
H(91C)H(93C)(x,-'/z-y,-%+z) 3.118(32) A, and H(5)H(93A)(1-x,'/2+y,'/2-z) 3.136(24) A. 
There is however, an antiparallel nitrile nitrile contact between the nitrile groups in 
adjacent sheets as seen in LS1244 [Figure 6.3.7.], i.e. the shortest nitrile"nitrile contact is 
N(4)"N(4)(1'/2-xy,1-z) 3.175(7) A. This interaction is accompanied by a short N"H contact, 
i.e. H(5)"N(4)(1'/2-x,y,1-z) 2.570(7) A, with CNH and N ... HC angles of 144.3(5)° and 
144.9(5)° respectively, with the following inter-ring parameters for the respective 
phthalonitrile groups. 
Dihedral 1° 	i(cent) / A 	Elevation 1° 	t(xy) / A 	(z) / A 	Orient. /0 
23.7(3) 	7.929(8) 	9.6(5) 	7.818(8) 	1.322(8) 	-58.1(5) 
In summary, LSI041 packs in sheets parallel to (202) with the phthalonitrile planes 
approximately perpendicular to the sheets and the hydroquinone planes approximately parallel 
to the sheets, similar to that observed in LS1244. These sheets possess only one face-to-face 
type intermolecular interaction between the phthalomtrile groups with it-ic and ic-nitrile 
character. In contrast to the sheets in LS1244, these interactions do not extend in columns 

















hi 	 ct 





distance between the molecules in the direction which the phthalonitrile groups wish to stack 
in. The phthalomtrile groups stack up the b-axis in LS1244, the b-axis lengths of LS1244 and 
LSI041 are 7.403(2) A and 10.670(3) A respectively. The length of the b-axis in LS1244 is 
twice that of the optimum van der Waals distance between aromatic rings stacked in a face-
to-face manner and so it is not surprising that the phthalomtrile groups are stacked in 
columns up the b-axis direction. Whereas the b-axis in LSI041 is almost three times the 
optimum van der Waals distance for aromatic ring stacking, thus the face-to-face interactions 
between the phthalomtrile groups are isolated. 
The face-to-face type interactions between phthalonitrile groups in LSI041 are 
accompanied by a short N  intermolecular contact to the aromatic hydrogen atom ortho to 
the ether linkage of the hydroquinone ring. Both of the face-to-face interactions in LS1244 
are accompanied by short N  intermolecular contacts to the ortho hydrogen atoms of the 
hydroquinone ring. This indicates that the tertiary-butyl groups that are ortho to the ether 
linkage also hinder the phthalomtrile groups forming columns as there cannot be an 
accompanying short NH intermolecular contact. 
The sheets are staggered with respect to one another as in LS1244. Between the 
sheets in LSI041 there is only one edge-to-edge interaction between phthalonitrile groups, 
and also only one edge-to-face interaction between the phthalonitrile and hydroquinone 
groups. Thus the tertiary-butyl groups reduce the number of inter-ring interactions between 
the sheets. They also hinder the formation of short NH intermolecular contacts between 
phthalonitrile groups that accompany the edge-to-face interactions observed in LS1244. 
LSI041 possesses antiparallel nitiile"nitrile contacts between the nitrile groups in 
adjacent sheets with a short NH intermolecular contact, as observed in LS1244. Thus the 
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overall effect on the packing due to the tertiary-butyl groups in LSI041 does not cause the 
molecule to adopt a different packing scheme to LS1244, but they do limit the number of 
inter-ring interactions and short N"H(aromatic) intermolecular contacts present. 
6.4. Molecular Geometry and Crystal Packing of 1S1055 
Molecular geomelly.- The two independent molecules A and B [Figures 6.4.1. (a) and 
(b), only symmetry independent atoms are labelled, as both molecules lie on inversion 
centres: molecules A and B are on (0,1,0) and ('/2, '/2, '/2) respectively] initially appear to be 
quite similar. For example, in both molecules the phthalonitrile rings are trans with respect 
to one another across the hydroquinone ring and their planes are parallel, as they are related 
by inversion centres. However, the conformations about the ether linkages are significantly 
different. 
In molecule A, the hydroquinone and phthalonitrile planes are approximately 
perpendicular and coplanar to the ether plane respectively, with the following dihedral angles 
between planes. 
Phthalonitrile plane 	Hydroquinone plane 
C(1A) to C(6A) C(7A) to C(9A) and (-x,2-y,-z) 
symmetry equivalents 
Ether plane 	 8.4(6)0 	 70.3(3)° 
C(1 A), 0(1 A) and C(7A) 
Phthalonitrile plane 	 0.0(0)° 	 64.1(2)0 
C(IA)(-x,2-y,-z) to 
C(6A)(-x,2-y,-z) 
Thus molecule A has a distorted skewed conformation, similar to the previous two molecules. 
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Figute 6.4.1. (a) LS1055 molecule A with 50% thermal ellipsoids 
Figum 6.4.1. (b) LS1055 molecule B with 50% thermal ellipsoids 
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The symmetry equivalent phthalonitrile groups are trans across the hydroquinone ring 
[C(1)0(1)0(1)(-x,2-y,-z)C(1)(-x,2-y,-z) = 180 . 00], with the ortho nitrile group in the trans 
position [N(2A)C(2A)O(1A)C(7A) = -161.3(9) 01 
The variation of CCO bond angle with CCOC torsion angle is given below. 
Torsion angle /0 









The angles at C(1A) are in line with those of LS1244. However, the angles at C(7A) are 
affected by the tertiary-butyl group as in LSI041. 
The hydroquinone ring of molecule B is half way between perpendicular and 
coplanar with the ether plane, whereas the phthalomtrile plane is distorted from being 
coplanar with the ether plane. The dihedral angles between the planes are as follows. 
Phthalonitrile plane 	Hydroquinone plane 
C(1B) to C(6B) C(7B) to C(9B) and (1-x,1-y,1-z) 
symmetry equivalents 
Ether plane 	 20.1(5)° 	 47.0(3)° 
C(1B), O(1B) and C(7B) 
Phthalonitrile plane 	 0 . 00 	 60.3(2)0 
C(1B)(1-x,1-y,1-z) to 
C(6B)(1-x,1-y,1-z) 
Thus molecule B has a distorted conformation that approximates to half-planar. The 
symmetry equivalent phthalonitrile groups are trans across the hydroquinone ring 
[C(1)0(1)0(1)(1-x,1-y,1-Z)C(1)(1-X,1'Y,1"Z) = 180.0°], and the ortho nitrile group is in the 
trans position [N(2B)C(2B)O(1B)C(7B) = 142.8(8)']. 
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Compared to molecule A, the distortion of molecule B away from an ideal skewed 
conformation is much larger. This has the effect of increasing the intramolecular distance 
between the phthalonitrile ring and tertiary-butyl group, e.g. C(2B)"C(91B)(1-x,1-y,1-z) 
4.207(10) A and C(6B)C(91B)(1-x,1-y,1-z) 4.662(10) A c.f. C(2A)"C(91A) 3.879(10) A and 
C(6A)"C(91A) 3.817(10) A. 
The variation of CCO bond angle with CCOC torsion angle is given below. 
Torsion angle /0 Bond angle /° 
C(2B)C(1B)O( 1B)C(7B) 159.1(5) C(2B)C(1B)O( 1B) 113.5(5) 
C(9B)(1-x,1-y,1-z)C(7B)O(1B)C(1B) 135.6(6) C(9)( 1-x,1-y,1-z)C(7)O(1) 118.2(5) 
C(8B)C(7B)O(1B)C(1B) -49.3(8) C(8B)C(7B)O(1B) 118.1(5) 
C(6B)C(1B)O(1B)C(7B) -20.2(9) C(6B)C( 1B)O(1B) 124.9(5) 
The torsion angles about C(7B)-O(1B) are a long way from the values of ±90° for an ideal 
skewed conformation. However, the angles at C(7B) are equivalent within their esds. This 
is presumably due to intramolecular considerations as in molecule A. 
When the non-hydrogen atoms of molecules A and B are fitted onto one another by 
least-squares, the weighted mis deviation of all of the fitted atoms is only 0.4457 A [Figure 
6.4.2.] [deviations / A: 0(1) 0.601; C(1) 0.353; C(2) 0.110; C(2') 0.039; N(2) 0.102; C(3) 
0.128; C(3') 0.317; N(3) 0.440; C(4) 0.174; C(S) 0.166; C(6); C(7) 0.276; C(8) 0.273; C(9) 
0.327; C(9') 0.605; C(91) 0.992; C(92) 0.840; C(93) 0.485]. The smallest deviations are 
obtained for the ring atoms. Thus, even though the two molecules have different 
conformations about the ether linkages, the relative positions of the hydroquinone and 
phthalonitrile rings with respect to one another are remarkably similar. This shows the strong 
influence that the positions of the rings with respect to one another exerts on the overall 
conformation. 
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Figute 6.41. Molecular fitting of molecule B (dotted lines) onto molecule A (bold lines) 
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Cystalperking.- LS1055 has a significantly different molecular packing scheme from 










To investigate the likely cause of the different packing of the structural isomers, the 
coordinates of an ideal ortho nitrile group C(2'I)-N(21) were calculated for LSI041. 
Intermolecular contacts to this ideal nitrile group were then obtained. The shortest 
intermolecular contact found was N(2I)"O(1)(1'/2-xy,-z) 0.828(3) A. This contact is between 
molecules in different sheets. Thus for LS1055 to adopt a packing scheme similar to LSI041, 
either (i) the perpendicular distance between the sheets would have to increase, or (ii) the 
conformation of the molecule would have to change so that the phthalonitrile groups are no 
longer perpendicular to the sheets. Both options would result in a decrease in the packing 
efficiency, and (ii) would also result in the loss of the face-to-face interactions between the 
phthalonitrile groups. Therefore it is not unexpected that LS1055 adopts a different packing 
scheme to LSI041. 
The packing scheme of LS1055 can be described as consisting of layers of either A 
[layer A] or B [layer B] molecules. The layers are parallel to the bc-plane, with layer A near 
x = 0 and layer B near x = 1/2 [Figure 6.4.3. (a) and (b)]. The dihedral angles between the 
bc-plane and planes within the molecules are given below. 
Dihedral angle between bc 
	
Dihedral angle between bc 
and phthalomtrile planes /0 and hydroquinone planes /0 
Molecule A 	 42.8(3) 
	
28.1(3) 




Figuie 6.4.3. (a) Packing diagram of layers of LS1055 molecule A viewed normal to (100) 
WOU 
Figum 6.43. (b) Packing diagram of layers of LS1055 molecule B viewed normal to (100) 
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The packing in the layers of A and B molecules is similar, the most significant 
interactions are between molecules related by a c-glide [Figures 6.4.4. (a) and (b)]. The 
phthalonitnle rings in both layers pack near to one another with the following inter-ring 
pairn eters. 
Layer 	Dihed. /0 	r(cent)/ A 	Elev. /0 r(xy) / A r(z) / A 	Orient. 10  
A 	2.7(6) 	5.602(9) 	40.5(6) 4.263(9) 3.635(9) 	100.7(10) 
[39.3(6)] [4.336(9)] [3.547(9)] 
B 	28.3(6) 	6.232(9) 	50.2(6) 3.990(9) 4.787(9) 	112.7(10) 
[30.6(6)] [5.363(9)] [3.175(9)] 
The phthalonitrile planes in layer A are involved in a face-to-face interaction as their 
planes are almost parallel, with a perpendicular interplanar distance of Ca. 3.6 A. The closest 
intermolecular contacts are between nitrile and ring atoms, e.g. the shortest N"H and CH 
intermolecular contacts are N(3A)H(6A)(x,1 1/2-y,1/2+z) 3.541(9) A and C(6A)N(3A)(x,1 1/2-
y,- 1 2+z) 3.574(9) A. Thus, the interaction has mainly ic-nitrile character. These interactions 
extend along the a-axis direction in the layer of A molecules. There is also a NH 
intermolecular contact to the hydnquinone ring, i.e. N(3A)"H(8A)(x,l½-y, 1/2+z) 3.541(9) A. 
These interactions are also accompanied by a couple of short H  intermolecular contacts 
between the methyl and phthalonitrile hydrogens, i.e. H(4A)H(9lB)(x,1 1 2-y,-½+z) 2.600(27) 
A and H(4A)H(93A)(x,l½-y,- 1/2+z) 2.631(30) A. 
In layer B the planes of the phthalonitnle planes are tilted away from being parallel 
to one another. This reduces the contact between the van der Waals surfaces, hence 
weakening the interaction. A result of this is that the intermolecular contact between atoms 
in these phthalonitrile groups are longer than those observed in layer A, e.g. the shortest 
contact is C(4B)N(3B)(x,l½-y, 1 2+z) 3.711(9) A. This interaction is also mainly ir-nitrile 
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Figum 6.4.4. (a) 
Figun 6.4.4. (b) 
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character, and the interactions extend along the a-axis direction as in layer A. There are also 
NH and HH intermolecular contacts as observed in layer A, i.e. N(3B) ... H(8BXX,1Y2-y,- 
1/2+Z) 3.154(9) A and H(4B)H(92F)(x,1'A-y,-Y2+z) 2.395(31) A. 
Both layer A and layer B possess some less important intermolecular contacts 
between molecules a unit cell translation away in the c-axis direction. In layer A these 
contacts are between the tertiary-butyl groups, e.g. the shortest HH contact is 
H(92A)H(93A)(-x,2-y,1-z) 2.507(39) A. In contrast, the contacts in layer B are between the 
tertiary-butyl and nitrile groups, e.g. the shortest N  contact is N(2B)H(93F)(xy,-1+z) 
2.998(33) A. 
The molecules in the layers pack directly on top of one another []Figure 6.4.5.]. 
However, there is only one inter-ring interaction between a pair of phthalonifrile rings 
between these A and B molecules. The inter-ring parameters are given below. 
Dihedral /0 	t(cent) I A 	Elevation /0 	r(xy) / A 	i(z) / A 	Orient. /0 
15.1(6) 	4.830(9) 	47.1(6) 	3.288(9) 	3.538(9) 	25.2(10) 
[35.4(6)] [3.937(9)] [2.799(9)] 
This is a face-to-face type interaction. The A and B molecules are tilted with respect 
to one another, presumably due to contacts between the bulky tertiary-butyl groups hindering 
a parallel face-to-face interaction, e.g. the shortest HH contact is H(92A)"H(91E)(-1+x,1Y2- 
y,-'/2+z) 2.671(36) A. Short intermolecular contacts occur between ring atoms, e.g. the 
shortest contact is C(2A)"H(5B)(1-x,'/2+y,'/2-z) 3.063(9) A, and to nitrile atoms, e.g. 






There is another face-to-face interaction between phthalonitrile rings in adjacent 
layers [Figure 6.4.6.], with the following inter-ring parameters. 
Dihedral 1° 	?(cent) / A 	Elevation 1° 	r(xy) / A 	(z) / A 	Orient. 1° 
17.5(6) 	5.972(9) 	37.0(6) 	4.770(9) 	3.594(9) 	-133.5(10) 
The rings are tilted away from being parallel by 17.5°, which reduces the contacts 
between their van der Waals surfaces. This interaction has it-nitrile character, although the 
only short intermolecular contact between the planes is N(2B)"H(4A)(-x,1-y,-z) 3.310(9) A. 
A major contribution to the intermolecular forces between the layers comes from 
short N"H intermolecular contacts [Figures 6.4.7. (a) and (b)]. They occur between 
phthalonitrile groups that are arranged in an edge-to-edge manner, as shown by the following 
inter-ring parameters. 
Figure 	Dihed. /0 	i(cent)/ A 	Elev. /0 i(xy) / A t(z) / A 	Orient. 10 
6.4.7. (a) 	15.1(6) 	7.880(9) 	0.6(6) 7.879(9) 0.081(9) 	11.6(10) 
[6.1(6)] [7.835(9)] [0.838(9)] 
6.4.7. (b) 	17.5(6) 	7.523(9) 	0.2(6) 7.523(9) 0.025(9) 	29.6(10) 
[12.5(6)] [7.343(9)] [1.634(9)] 
The rings are almost coplanar but the large i(xy) indicates there are no other 
interactions between the rings apart from the N ... H contacts. The shortest N"H intermolecular 
contacts between these phthalonitrile groups are given below. 
Figure Contact N 	/ A C-N"H /0 C-N"H /0 
6.4.7. (a) N(3B) ... H(5A)(1-x,-'A+y,'/2-z) 2.697(9) 114.3(5) 157.8(5) 
6.4.7. (a) N(2B)H(6A)(1-x,-'A+y,Yz-z) 2.935(9) 142.2(5) 132.3(5) 
6.4.7. (b) N(2A)"H(5B)(1-x,1-y,1-z) 2.573(9) 105.0(5) 130.1(5) 






Figuie 6.4.7. (a) 
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Figun 6.4.7. (b) 
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In summary, LS1055 does not form sheets, as seen for its structural isomer LSI041, 
because of the ortho nitrile group. Instead it packs in two layers of independent molecules 
[A and B]. In these layers there are face-to-face type interactions of ir-nitrile character 
between the faces of the phthalonitrile groups. These interactions extend along the a-axis 
direction in both layers. 
The layers are stacked so that the A and B molecules are sitting directly on top of 
one another, but with only one face-to-face type interaction between the phthalonitrile rings. 
This packing arrangement is unusual as it means the hydroquinone rings with their tertiary-
butyl substituents pack beside one another, blocking the possibility of edge-to-face 
interactions with the phthalomtrile groups. Therefore there are no inter-ring interactions to 
the hydroquinone rings. Thus the only interesting intermolecular interactions between the 
sheets are face-to-face interactions between the phthalonitrile rings and short NH 
intermolecular contacts. 
6.5. Molecular Geometry and Crystal Packing of LSI015 
Molecular geometry.- LSIO15 is bisected by a crystallographic two-fold axis at 
(Oy,¼) [see Figure 6.5.1., only symmetry independent atoms are labelled]. The phthalomtrile 
plane is distorted from being coplanar with the ether plane, whereas the resorcinol plane is 
approximately gauche to the ether plane. 
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P1(4) 
Figum 6.5.1. LSI015 with 50% thermal ellipsoids 
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Ether plane 









C(7) to C(12) and (-x,y,'/2-z) 
symmetry equivalents 
53 . 1(3)0 
68.7(1)° 
Thus the molecule adopts a distorted half-planar conformation, similar to that of LS1055 
molecule B. The symmetry equivalent phthalonitrile rings are gauche across the resorcinol 
ring [C(1)O(1)O(1)(-xy,'A-z)C(1)(-xy,'/2-z) = 80.2(5)°], with the meta nitrile group in the 
trans position [N(3)C(3)0(1)C(7) = 151.7(4)°]. The large distortion from an ideal skewed 
conformation is presumably due to packing effects, although the resorcinol and phthalonitrile 
groups are still approximately perpendicular to one another. 
The CCO angles increase as the torsion angle about the C-0 bond goes from trans 
to cis, although the difference in the angles at C(7) is only just over 3 esds. This is due to 
steric effect of the tertiary-butyl group observed in previous molecules. 
Torsion angle /0 Bond angle /0 
C(2)C(I)O(I)C(7) 162.2(4) C(2)C(1 )O(1) 114.5(4) 
C(8)C(7)0(1 )C(1) 129.8(4) C(8)C(7)0(1) 118.2(4) 
C(12)C(7)0(1 )C(1) -56.1(5) C(12)C(7)0(1) 119.5(4) 
C(6)C(I)O(I)C(7) -22.0(6) C(6)C(1 )O(1) 123.8(4) 
Crystal packing.- LSIO15 adopts a packing scheme that has similarities with the 
parent molecule LS1244 and the structural isomer LSI041. The packing can once again be 
described as consisting of sheets of molecules that are parallel to (202) [Figures 6.5.2. (a) and 
(b)]. Thus 202 is among the most intense reflections [F0 = 177.1, F = 194.6, a = 0.8]. 
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Figum 6.51. (a) Packing diagram of LSI015 viewed normal to (010) 
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Figure 6.5.2. (b) Packing diagram of LSI015 viewed normal to (202) 
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The phthalonitrile planes are close to perpendicular to (202), whereas the resorcinol 
plane is required by symmetry to be perpendicular to (010). The dihedral angles between the 
planes are as follows. 
Phthalonitrile plane 
C(1) to C(6) 
	
(202) 	 87.7(1)0 
(010) 	 53.0(1)0 
Resorcinol plane 




In the sheets the molecules are stacked in columns along the b-axis. The molecules 
in the stacks are related by a unit cell translation [Figure 6.5.3.]. The only intermolecular 
contacts within these columns are between the tertiary-butyl and phthalonitrile groups, e.g. 
the shortest contact is C(3')"H(81CXx,1+y,z) 2.620(22) A. 
Face-to-face type interactions between phthalomtrile rings are observed in the sheets 
[Figure 6.5.4.], with the following inter-ring parameters. 
Dihedral /0 	,(cent) / A 	Elev. /0 	r(xy) / A 	i(z) / A 	Orient. 1° 
0.0 	4.895(7) 	44.5(6) 	3.493(7) 	3.430(7) 	180.0 
The mtrile group C(4')-N(4) is interacting with the ring carbon atoms, e.g. the 
shortest contact is C(2)"N(4)('A-x,Y2-y,1-z) 3.337(6) A. Thus the interaction has mainly it-
mtrile character. Further overlap of the rings is prevented by a short intermolecular contacts 
from a nitrile group to the tertiary-butyl groups, i.e. N(4)H(82C)('A-x,'A-y,1-z) 2.964(22) A. 
The only other intermolecular contacts in the sheets are between the tertiary-butyl 
groups [no figure supplied], e.g. the shortest H"H distance is H(81B)H(81B)(-x,-1-y,1-z) 
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The sheets are stacked in a staggered manner with respect to one another, as seen in 
LS1244 and LSI041. This sheet packing arrangement allows an interaction between the faces 
of the resorcinol rings and the hydrogen atoms of the phthalonitrile groups [Figure 6.5.5.]. 
The inter-ring parameters for this face-to-edge interaction are as follows. 
Dihedral 1° 	i(cent) / A 	Elev. /0 	r(xy) / A 	,(z) / A 	Orient. 1° 
	
68.7(1) 	5.451(7) 	70.4(6) 	1.831(7) 	5.135(7) 	39.6(6) 
[1.8(6)] [5.449(7)] [0.172(7)] 
There are numerous intermolecular contacts between the tertiary-butyl and 
phthalonitrile groups, e.g. the shortest H ... H contact is H(2)H(83B)(-x,-y,1-z) 2.743(20) A. 
However, the tertiary-butyl groups do not prevent interactions between the rings, e.g. the 
shortest contact in this edge-to-face interaction is C(8)"H(2)(-x,-y,1-z) 3.030(5) A. Thus the 
interaction has it-cs character. 
A short intermolecular contact between a nitrogen-atom and an aromatic hydrogen-
atom is present in the sheet stacking [Figure 6.5.6.], i.e. N(4) H(6)( 1/2-x, 1/2+y, 1/2-z) 2.635(6) 
A, with CNH and NHC angles of 134.9(3)0 and 123.8(3)° respectively. There is also a 
slightly longer N"H contact to the same nitrogen atom, i.e. N(4)"H(5)('/2-x,Y2+y,'/z-z) 2.930(6) 
A, with CNH and N"HC angles of 135.2(3)° and 112.6(3)° respectively. The inter-ring 
parameters between the phthalonitrile groups involved in this interaction are given below. 
Dihedral /0 	i(cent) / A 	Elev. /0 	i(xy) / A 	i(z) / A 	Orient. /° 
74.0(1) 	7.652(7) 	39.8(6) 	5.876(7) 	5.876(7) 	-35.7(6) 
[9.9(6)] [7.539(7)] [7.539(7)] 
The only other interaction observed in the sheet stacking is a long WE 












In summary, LSIO1 5 packs in sheets parallel to (202), which is similar to the packing 
scheme adopted by LS1244 and its structural isomer LSI041. The phthalonitrile groups are 
involved in face-to-face type interactions in the sheets. These face-to-face type interactions 
do not form columns that extend throughout the crystal as in LS1244. The formation of 
columns of phthalonitrile groups is hindered by the tertiary-butyl groups which prevent the 
molecules from packing close enough to one another in the sheets, as observed in LSI041. 
The fact that the phthalonitrile groups are meta to one another and that dihedral angle 
between their planes is only 74.0(1)° also hinders the formation of columns. This is because 
the phthalonitrile planes cannot be parallel to the stacking direction which reduces the van 
der Waals surface available for the inter-ring interactions. The face-to-face interaction is not 
accompanied by a short intermolecular contact between a nitrogen atom and an aromatic 
hydrogen atom because the tertiary-butyl groups are ortho to the ether linkages. 
The sheets are staggered with respect to one another as in LS1244 and LSI041. 
However, there is only one inter-ring interaction between the sheets. The interaction is an 
edge-to-face type interaction between a phthalonitrile group and a resorcinol group. Thus this 
substituted resorcinol group is a greater hinderance to close intermolecular contacts than the 
substituted hydroquinone group of its structural isomer LSI041. However, there are still short 
NB intermolecular contacts between molecules in adjacent sheets. 
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6.6. Molecular Geometry and Crystal Packing of LSH17 
6.6.1. Room Temperature C21c Structure of LS1I17 
Molecular geometry.- The molecule is bisected by a crystallographic two-fold axis 
at (Oy,-¼), and so only the symmetry independent atoms are labelled in the thermal ellipsoid 
plot Figure 6.6.1.1. [the other disordered norbornene positions generated by the two-fold axis 
are not shown]. The isotropic displacement parameters for the non-hydrogen atoms of the 
norbornene group are large. This is because their positions are poorly determined as the two-
fold axis causes them to be disordered equally over two positions. The anisotropic 
displacement parameters of the remaining non-hydrogen atoms are all large as this is a room 
temperature structure. There might also be some unresolved disorder of the hydroquinone 
ring, as C(8) would not refine with anisotropic displacement parameters, and C(12) has a 
large anisotropic displacement parameter perpendicular to the plane of the hydroquinone ring. 
The phthalonitrile plane is coplanar with the ether plane, and the hydroquinone plane 
is perpendicular to the ether plane. The dihedral angles between these planes are as follows. 
Ether plane 














Figum 6.6.1.1. Thermal ellipsoid plot of LSI117 C21c 
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Thus LSI1I7 adopts an ideal skewed conformation in the C21c structure. The 
symmetry equivalent phthalonitrile groups are trans across the hydroquinone ring 
[C(l)O(l)O(I)(-xy,-'A-z)C(1)(-xy,-Y2-z) = 177.4(16)°], with the meta mtrile group in the 
trans position [N(3)C(3)0(1)C(7) = -177.0(14)°1 
The variation of CCO angle with CCOC torsion angle is given below. 
Torsion angle /0 Bond angle 1° 
C(2)C(1)O(1 )C(7) 179.4(12) C(2)C(1)0(1) 115.3(10) 
C(12)C(7)0(1)C(1) -94.8(16) C(12)C(7)0(1) 119.1(12) 
C(8)C(7)0(1 )C(1) 88.6(14) C(8)C(7)0(1) 120.7(11) 
C(6)C(1)O(1)C(7) 2.5(19) C(6)C(1)0(1) 123.5(10) 
The CCO angles increase as the torsion angle about the respective C-O bond goes from trans 
to cis. However, the high esds on the bond angles means that the angles at C(7) are 
effectively equal and the only significant difference is between the angles at C(1). 
Crystal packing.- The packing scheme of LSI1 17 in the C21c structure is different 
from any previously encountered. It can be described as consisting of layers of molecules 
parallel to (020), i.e. layers at  = 0 and  = Y2  [Figures 6.6.1.2. (a) and (b), only half of the 
disordered norbornene positions are shown]. The phthalonitrile planes are parallel with the 
layers and the hydroquinone planes are perpendicular to the layers. The dihedral angles 




C(1) to C(6) 
	








Figum 6.6.11. (a) Packing diagram of layer of LSI117 C21c molecules near  = 0 viewed 
normal to (010) 
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Figum 6.6.1.2. (b) Packing diagram of layer of LSI117 C21c molecules near  = '/2 
viewed normal to (010) 
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In the layers are face-to-face type interactions between phthalonitrile groups [Figure 
6.6.1.3.], with the following inter-ring parameters. 
Dihedral 1° 	?(cent) / A 	Elev. /0 
0.0 	4.828(18) 	48.4(15)  
,(xy) / A 	r(z) / A 	On* ent. /0 
3.208(18) 	3.608(18) 	180.0 
This face-to-face type interaction has mainly it-nitrile character, as there are 
numerous intermolecular contacts between the nitrile and ring atoms, e.g. the shortest C"N 
and C ... C intermolecular contacts are C(2) ... N(4)(1-x,-y,-1-z) 3.495(18) A and C(4) ... C(4)(1-x,-
y,-1-z) 3.631(16) A respectively. There are also intermolecular contacts from the nitrile 
groups to the norbornene group, e.g. the shortest N"H intermolecular contact is 
H(19)N(4)(1-x,-y,-1-z) 2.576(19) A, with CN"H and NHC angles of 138.8(10)° and 
167.7(10)° respectively. This is in the place of the short N  intermolecular contacts to 
aromatic hydrogen atoms that are usually seen in previous structures accompanying face-to-
face type interactions. 
There is also a short intermolecular contact between a nitrogen and an aromatic 
hydrogen atom in the layers [Figure 6.6.1.4.], i.e. H(6)**N(3)(-1+xy,z) 2.608(19) A, with 
CN"H and N"HC angles of 136.0(10)° and 136.7(10) 0 respectively. The inter-ring parameters 
for the phthalonitrile rings involved in this intermolecular contact are as follows. 
Dihedral /° 	?(cent) / A 	Elev. /0 	i(xy) / A 	i(z) / A 	Orient. /° 
0.0 	8.373(18) 	1.3(15) 	8.371(18) 	0.188(18) 	0.0 
This short NH intermolecular contact is accompanied by an edge-to-face interaction 
between the phthalonitrile group and a hydroquinone ring. The inter-ring parameters for these 



















Dihedral 1° 	?(cent) / A 	Elev. /0 	i(xy) / A 	i(z) / A 	Orient. /0 
88.9(8) 	6.003(18) 	50.6(15) 	3.812(18) 	4.638(18) 	-0.5(17) 
[1.6(15)] [6.001(18)] [0.165(18)] 
The shortest intermolecular contact between these two rings is C(7)"H(2)(1-xy,-Y2-Z) 
2.941(17) A. Thus this edge-to-face interaction has vt-a character. There is also a contribution 
to these interactions from short intermolecular contacts to the oxygen atoms, e.g. the shortest 
WO and OO contacts are H(2)"O(1)(1-xy,-Y2-Z) 2.533(14) A and O(1) ... O(1)(1-xy,-'/2-z) 
3.378(12) A. 
If the molecules in the layers were packed directly on top of one another the majority 
of intermolecular contacts would involve the norbornene groups. Thus the layers are 
staggered with respect to one another to increase the packing efficiency and to allow the 
following intermolecular interactions between the layers. 
There is a face-to-face interaction. betweena pair of phthalonitnle groups [Figure 
6.6.1.5.], with the following inter-ring parameters. 
Dihedral /0 	i(cent) / A 	Elev. /0 	r(xy) / A 	,(z) / A 	Orient. /0 
0.0 	5.002(18) 	44.6(15) 	3.565(18) 	3.509(18) 	180.0 
This face-to-face interaction has 7t-CY character as the shortest intermolecular contact 
is C(5)H(5)('/2-x,V2-y,-1-z) 3.454(17) A. This interaction is accompanied by a short N"H 
intermolecular contact to an aromatic hydrogen, i.e. H(12)N(4)( 1/2-x,'A-y,-l-z) 2.981(20) A, 
with CNH and N"HC angles of 114.0(10)° and 104.7(10)° respectively. The inter-ring 
parameters for the phthalonitrile and hydroquinone rings involved in this short NH contact 
are as follows. 
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Dihedral 1° 	,(cent) / A 	Elev. /0 	,(xy) / A 
	
,(z) / A 	Orient. /0 
88.9(8) 	7.054(18) 	52.3(15) 	4.312(18) 
	
5.578(18) 	-45.4(17) 
There is also another face-to-face interaction between phthalonitrile groups in 
adjacent layers [Figure 6.6.1.6.]. The inter-ring parameters for these phthalonitrile rings are 
as follows. 
Dihedral /° 	r(cent) / A 	Elev. /0 
0.0 	7.350(18) 	26.9(15)  
i(xy) / A 	i(z) / A 	Orient. /° 
6.557(18) 	3.321(18) 	180.0 
This face-to-face interaction is only between the mtrile groups, i.e. the shortest CC 
and C  intermolecular contacts are C(3')"C(3')(1'/2-x,'/2-y,-1-z) 3.618(19) A and 
C(3') ... N(3)(1V2-x,'A-y,-1-z) 3.627(20) A respectively. Thus the interaction is an antiparallel 
nitrile"nitrile type. However, the interaction is not accompanied by a short N  contact as 
seen in the antiparallel interactions of previous molecules as the rings are not coplanar. 
The remaining intermolecular interactions between the layers all involve 
intermolecular contacts to the norbornene groups [no figures supplied] e.g. the shortest H  
intermolecular contact between a norbornene group and a hydroquinone ring is 
H(201)H(12)('/2-x,-'/z+y,-'/z-z) 2.142(30) A, and the shortest H  intermolecular contact 
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In summary, the norbornene group prevents LSI117 from packing in sheets as seen 
for LS1244. However, there are still intermolecular interactions similar to those seen in 
previous structures present in the C21c structure of LSI1 17. In the layers there are face-to-
face type interactions between the phthalonitrile groups and edge-to-face type interactions 
between the phthalonitrile and hydroquinone groups. 
The layers are staggered with respect to one another due presumably to prevent the 
bulky norbornene groups which are perpendicular to the layers packing beside each other. 
The only inter-ring interactions between the layers are face-to-face type interactions between 
phthalonitrile groups, with short intermolecular contacts between nitrogen and aromatic 
hydrogen atoms. Thus the norbornene group does not reduce the range of intermolecular 
interactions seen by adopting a different packing scheme. 
6.6.2. Low TemperAture P2 11n Stnictun of LSI117 
The molecular geometry and crystal packing of the P211n structure of LSI117 is very 
similar to that exhibited by its polymorph C21c. Thus the order of the description of the 
molecular geometry and crystal packing, and the numbering scheme used for the figures 
closely follows that of the C21c structure. 
Molecular geometry.- The main cause of the differences in the structures stems from 
the conformations about the ether linkages in the P211n structure being different from the 
C21c structure. There is one whole molecule per asymmetric unit in the P211n structure 
[Figure 6.6.2.1.], as opposed to a half molecule in the C21c structure [Figure 6.6.1.1.]. The 
two phthalonitrile groups C(1) to C(6) and C(13) to C(18) are called groups I and II 
respectively. 
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Figun 6.61.1. (a) LSII17 P21 1n with 50% thermal ellipsoids showing non-prime 
disordered region 
MM 
Figun 6.6.2.1. (b) LSI117 P211n with 50% thermal ellipsoids showing prime disordered 
region 
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Anisotropic displacement parameters were refined for all the atoms of the 
hydroquinone ring. The anisotropic displacement parameters obtained for atoms fused to the 
norbornene group [C(8) and C(9)] are large perpendicular to the plane of the hydroquinone 
ring. This is in contrast to the C21c structure where only those atoms not fused to the 
norbomene group would refine anisotropically, and even they had large displacements 
perpendicular to the plane of the ring. 
Both phthalomtrile planes are close to being coplanar with their respective ether 
planes. However, the hydroquinone plane is perpendicular to the ether plane of 0(1), but is 
significantly distorted from being perpendicular to the ether plane of 0(2). The dihedral 
angles between these planes are as follows. 
Phthalonitrile 	plane 	Hydroquinone plane 
	
C(l) to C(6) C(7) to C(12) 
Ether plane 	 3.4(5)° 	 87.1(7)° 
C(1), 0(1) and C(7) 
Phthalonitrile plane 	17.8(2)0 	 69.1(4)° 
C(13) to C(18) 
Phthalonitrile 	plane 	Hydroquinone plane 
C(13) to C(18) C(7) to C(12) 
Ether plane 	 8.5(5)° 	 63.9(7)° 
C(10), 0(2) and 
C(13) 
Phthalonitnle plane 	17.8(2)° 	 84.5(3)° 
C(1) to C(6) 
Thus LSI117 adopts an ideal skewed conformation about the ether linkage 0(1), but a 
distorted skewed conformation about the ether linkage 0(2). This is in contrast to the ideal 
skewed conformation adopted in the C21c structure about both of its symmetry equivalent 
ether linkages. 
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The phthalomtrile groups are trans across the hydroquinone ring [C(1)0(1)0(2)C(13) 
= 156.7(9)°], with the meta mtnle group of both phthalonitrile groups in the trans positions 
[N(3)C(3)0(1)C(7) = -176.4(11)° and N(15)C(15)0(2)C(10) = -171.9(11)°]. This is similar 
to the conformation adopted by the C21c structure. 
The CCO angles at C(7) and C(2)C(1)0(1) are effectively the same due to their high 
esds. However C(6)C(1)0(1) is significantly larger than these angles due to the large steric 
interaction between C(6) and C(7) as they are cis to one another. 










The high esds on the CCO bond angles to 0(2) means that the only bond angle 
which is significant different is that of C(18)C(13)0(2). This is presumably due to the large 
steric interaction between C(10) and C(18) as they are cis to one another. 
Torsion angle /0 Bond angle 
/0 
C(14)C(13)0(2)C(10) -173.1(10) C(14)C(13)0(2) 117.8(11) 
C(9)C(1 0)0(2)C(13) -119.0(11) C(9)C(1 0)0(2) 119.6(9) 
C(1 1)C(10)0(2)C(13) 62.8(15) C(1 1)C(10)0(2) 120.0(10) 
C(1 8)C(1 3)0(2)C(10) 9.2(16) C(18)C(13)0(2) 124.2(10) 
Crystal packing.- The packing scheme of LSI1 17 in the P21 1n structure [Figures 
6.6.2.2. (a) and (b)] is almost identical to that in C21c [Figures 6.6.1.2. (a) and (b)]. Thus it 
can be described as consisting of layers of molecules parallel to (020). 
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Figum 6.2.21. (a) Packing diagram molecules of LSI117 P211n near  = 0 viewed normal 
to (0 10) 
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Figute 6.211. (b) Packing diagram molecules of LSI117 P211n near  = '/2 viewed normal 
to (0 10) 
202 
Both of the phthalonitrile planes are parallel with the layers and the hydroquinone 
plane is approximately perpendicular to the layers, as in the Cc structure. The dihedral angles 
between these planes are as follows. 
Phthalonitrile plane Phthalonitnle plane Hydroquinone plane 
	
C(1) to C(6) 
	
C(13) to C(18) 
	






There are two different face-to-face interactions between phthalonitrile groups in the 
layers [Figures 6.6.2.3. (a) interaction 1 and (b) interaction 2], each one involving a pair of 
symmetry equivalent phthalonitrile groups. This is in contrast to the single face-to-face 
interaction observed in the layers of the C21c structure [Figure 6.6.1.3.], as it only has one 
symmetry independent phthalonitrile group. 
Interact. 	Dihed. /0 	,(cent)/ A Elev. /0 (xy) / A t(z) / A 	Orient. /° 
1 	0.0 	4.798(16) 48.0(9) 3.212(16) 3.564(16) 	180.0 
2 	0.0 	4.121(16) 60.0(9) 2.058(16) 3.571(16) 	180.0 
Face-to-face interaction 1 has mainly it-nitrile character, with intermolecular contacts 
between the nitrile and ring atoms of symmetry related phthaionitrile group I, e.g. the shortest 
C"N and CC intermolecular contacts are C(2) "N(4)(-x,2-y,1-z) 3.453(15) A and C(3)"C(4')(-
x,2-y,l-z) 3.574(15) A respectively. This intermolecular interaction is accompanied by 
intermolecular contacts between the nitrile and norbornene groups of the molecules involved, 
e.g. the shortest N"H intermolecular contact is H(19)"N(4) 2.517(12) A, with CN"H and 
N--HC angles of 138.7(7)0  and 178.4(7)° respectively. This interaction is very similar to the 
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In contrast, the face-to-face interaction 2 between a pair of symmetry related 
phthalonitrile group II shown in Figure 6.6.2.3. (b) has a contributions from it-it as well as 
it-nitrile character interactions, e.g. the shortest CC intermolecular contacts for ir-nitiile and 
It-it character interactions are C(15')C(l7)(2-x,2-y,-z) 3.564(15) A and C(15)C(16)(2-x,2-y,-
z) 3.606(15) A respectively. This intermolecular interaction is also accompanied by 
intermolecular contacts between the nitrile and nothomene groups of the molecules involved, 
e.g. the shortest NH intenn olecular contact is H(21 1)N(15)(2-x,2-y ,-z) 2.790(13) A, with 
CNH and NHC angles of 110.5(7)0 and 168.7(7)0 respectively. The distortion of ether 
linkage about 0(2) away from an ideal skewed conformation results in a reduction in the 
distance r(xy) between the centres of the phthalonitrile rings in the face-to-face interaction 
2, compared to interaction 1. This increases the overlap between the two phthalonitrile 
groups. 
The only other inteimolecular interactions in the layers are short N"H intennolecular 
contacts and edge-to-face interactions between a pair of molecules [Figure 6.6.2.4.], as in the 
C21c structure [Figure 6.6.1.4]. However, in contrast to the C21c structure there are two 
different NH and edge-to-face interactions between these molecules, as the phthalonitrile 
groups are different. The first short NH intermolecular contacts is H(6)"N(3)(1+x,y,z) 
2.538(15) A with CNH and N"HC angles of 133.0(7) 0 and 135.3 (7 )°, and the following 
inter-ring parameters between the respective phthalonitnle rings. 
Dihedral /0 	r(cent) / A 	Elev. P 	r(xy) / A 	r(z) / A 	Orient. 
/0 
0.0 	8.305(16) 	0.4(9) 	8.305(16) 	0.056(16) 	0.0 
The second short N"H intermolecular contact is H(l8)N(l5)(-l+x,y,z) 2.673(15) A 
with CN"H and N"HC angles of 129.4(7) 0 and 130.2(7)0 , and the following inter-ring 
parameters between the respective phthalonitrile rings. 
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Dihedral /0 	?(cent) I A 	Elev. /0 	i(xy) / A 
	
(z) / A 	Orient. /0 
0.0 	8.305(16) 	4.6(9) 	8.279(16) 
	
0.658(16) 	0.0 
The two edge-to-face interactions between the phthalonitrile groups and the 
hydroquinone ring have the following inter-ring parameters. 
Inter. 	Dihed./° ,(cent)/ A 	Elev. /0 
3 	84.5(5) 	5.941(16) 50.1(9) 
[1.5(9)] 















The closest intermolecular contact in interaction 3 between the edge of phthalonitnle 
group I and the face of the hydroquinone ring is C(10)"H(2)(1+xy,z) 2.892(15) A. In 
contrast, the closest intermolecular contact in interaction 4 between the edge of phthalonitrile 
group II and the face of the hydroquinone ring is C(12)"H(14)(-1+xy,z) 3.191(16) A. Thus 
the distorted skewed conformation at ether linkage 0(2) weakens the ic-cy character edge-to-
face interaction in the layers. 
The two face-to-face interaction between molecules in adjacent layers, as observed 
in the C21c structure [Figures 6.6.1.5. and 6.6.1.6.], are both between different phthalonitrile 
groups in the P21 1n structure. The first face-to-face interaction between phthalonitrile groups 
in the layers has the following inter-ring parameters [Figure 6.6.2.5.]. 
Dihedral /0 	r(cent) I A 	Elev. /0 	,(xy) / A 
	
Orient. /° 
5.0(5) 	5.120(16) 	44.0(9) 	3.682(16) 
	
3.557(16) 	-176.9(15) 
[40.4(9)] [3.897(16)] [3.321(16)] 
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The planes are almost parallel in this it-cs character face-to-face interaction, where 
the shortest CH intermolecular contact is C(17)H(5X',4+x,1'/z-y,-V2±z) 3.449(15) A. 
However, in contrast to the corresponding interaction in the C21c structure [Figure 6.6.1.5.] 
this intermolecular interaction is only accompanied by one short N"H intermolecular contact, 
i.e. H(1 1)"N(4'A+x,1'/2-y,-Y2+z) 2.616(15) A, with CN"H and NHC angles of 112.1(7) 0 and 
126.8(7)0  respectively. The following inter-ring parameters are for the phthalonitrile and 
hydroquinone rings involved in this N"H intermolecular contact. 
Dihedral 10 	,(cent) / A 	Elev. /0 	i(xy) / A 	i(z) / A 	Orient. /0 
	
66.8(5) 	7.386(16) 	34.9(9) 	6.056(16) 	4.227(16) 	75.3(15) 
[26.3(9)] [6.620(16)] [3.275(16)] 
The second face-to-face interaction between phthaionitrile groups in adjacent planes 
is between the nitrile groups only [Figure 6.6.2.6.], with the following inter-ring parameters. 
Dihedral /0 	,(cent) / A 	Elev. /0 	t(xy) / A 	,(z) I A 	Orient. /0 
5.0(5) 	7.463(16) 	22.9(9) 	6.877(16) 	2.899(16) 	-177.1(15) 
[26.9(9)] [6.655(16)] [3.377(16)] 
This interaction is similar to the antiparallel nitrilenitriIe type interaction observed 
in the C21c structure [Figure 6.6.1.6.], with C  intermolecular contacts between the nitrile 
groups, e.g. the shortest CN intermolecular contact is C(4')"N(15)(-1'/z+x,1'A-y,'/z+Z) 
3.430(15) A. 
The remaining intermolecular contacts between the layers all involve the norbornene 
group [no figures supplied] e.g. the shortest H"H intermolecular contact between a 
norbornene group and a hydroquinone ring is H(11)"H(214)(1'/2-x,-'/2+y,'/z-Z) 2.293(13) A, 
and the shortest H  intermolecular contact between a norbornene group and a phthalonitnle 
group is H(5)H(213)(1-x,2-y,1-z) 2.666(11) A. 
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In summary, the only noticeable differences in the packing of LSI117 in the P211c 
and C21c structures are the increased overlap in the face-to-face interaction in the layers 
involving a pair of phthalonitrile group il's, and the weakening of the edge-to-face interaction 
plus absence of a short NH intermolecular contact between molecules in adjacent layers 
involving phthalonitrile group H's. These the differences are due only to the distortion of the 
ether linkage 0(2) in the P211c structure away from an ideal skewed conformation. 
6.7. Discussion 
The conformations about the ether linkages of the tetranitriles based on 
hydroquinones are compared in Table 6.7. The phthalonitrile planes are close to being 
coplanar with their respective ether planes, and the hydroquinone planes are approximately 
perpendicular to the ether planes. Thus the most favoured conformation about the ether 
linkages is a distorted skewed one, which minimizes the steric interactions between the 
phthalonitrile and hydroquinone groups. However, molecule B of LS1055 is the exception to 
this rule, as the phthalonitrile plane is only approximately coplanar with the ether plane 
whilst the hydroquinone plane is half way between being coplanar and perpendicular to the 
ether plane. Molecule B of LS1055 adopt a distorted half-planar conformation presumably 
due to packing forces so that it can pack on top of molecule A. However, it is worth noting 
that the dihedral angles between the phthalonitrile and hydroquinone rings of molecules A 























Table 6.7. Comparison of conformations (°) adopted by tetranitriles based on hydroquinones 
Phth I ether Hydr / ether Phth / hydr 
9.3(2) 65.2(1) 71.5(1) 
9.0(3) 71.0(4) 78.9(5) 
8.4(6) 70.3(3) 64.1(2) 
20.1(5) 47.0(3) 60.3(2) 
0.8(2) 88.1(9) 88.9(3) 
3.4(5), 87.1(7), 84.5(3) 
8.5(5) 63.9(7) 69.1(4) 
COOC torsion angle between phthalonitrile C-O bonds 
NCOC torsion angle between meta nitrile group and hydroquinone C-O bond 
Phth I ether dihedral angle between phthalonitrile and ether planes 
Hydro I ether dihedral angle between hydroquinone and ether planes 
Phth / hydro dihedral angle between phthalonitrile and hydroquinone planes 
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LSI0I5 which is based on a substituted resorcinol group adopts a distorted half-planar 
conformation like molecule B of LS1055. However, it can only be assumed that this is due 
to packing forces as in molecule B of LS1055, as there are no other tetranitriles based on 
resorcinols to compare the conformation with. 
The phthalonitrile groups are all approximately trans across the hydroquinone rings. 
The smallest COOC torsion angle is that of LS1244 at 131.0(3)°. The phthalonitrile groups 
are trans as this presumably increases the packing efficiency compared to a cis arrangement. 
If the phthalonitrile groups were cis only one face of the hydroquinone ring would be 
available to be involved in intermolecular interactions. This is because the cis phthalonitrile 
groups would be covering the other face of the hydroquinone ring, preventing any 
intermolecular contacts to it. The meta nitrile group of the tetranitriles based on 
hydroquinones are all in the trans position to the C-O bond to the hydroquinone group. This 
arrangement favours face-to-face interactions between the phthalonitrile groups of molecules 
that are aligned in the same direction, as in LS1244. 
A number of similarities can be observed in the packing of the tetranitriles based on 
hydroquinone and resorcinols. The packing scheme adopted by the simplest tetranitrile 
LS1244 can be used as the basis of the comparison of the packing of the other molecules. 
The packing of LS1244 can be described as consisting of sheets of molecules with the 
phthalonitrile planes perpendicular to the sheets and the hydroquinone planes parallel with 
the sheets. Within the sheets there are face-to-face intermolecular interactions between the 
phthalonitrile groups, and short intermolecular contacts between nitrogen and aromatic-
hydrogen atoms. The interactions between the phthalomtrile groups extend throughout the 
sheets so that the phthalomtrile groups are stacked in columns. The intermolecular 
interactions between the phthalomtrile groups are favoured by van der Waals forces which 
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increase as the overlap increases, and electrostatic forces that increase as the it-it contribution 
decreases [see section 6.1.]. Short intermolecular contacts between nitrogen and aromatic 
hydrogen atoms also seem to be an important interaction in the structure of the tetranitriles. 
The sheets are staggered with respect to one another, so as to increase the packing efficiency. 
The most significant intermolecular interactions between the sheets are edge-to-face type 
interactions of it-a character between the phthalonitrile and hydmquinone groups, antiparallel 
niuulenitrile contacts and short intermolecular contact between nitrogen and aromatic-
hydrogen atoms. 
LSI041 and LSI015 have similar packing schemes to LS1244. The hydroquinone 
group of both of these molecules are approximately parallel to the sheets. However, the 
tertiary-butyl substituents on the hydioquinone groups increase the separation between the 
molecules in the sheets. This stops the phthalonitrile groups forming columns that extend 
throughout the sheets as in LS1244. However, it is not so significant an effect as to hinder 
LSI041 and LSI015 from forming sheets of molecules. The sheets in LSIO41 consist of 
individual pairs of phthalonitrile groups interacting in a face-to-face manner, accompanied 
by a short intermolecular contact between a nitrogen atom and an aromatic-hydrogen atom. 
The sheets in LSI015 also consist of individual pairs of phthalonitrile groups interacting in 
a face-to-face manner. However, the only N"H intermolecular contacts present in the sheets 
of LSI015 are to the tertiary-butyl groups. This is because the only hydrogen atom ortho to 
the ether linkages in LSI015 is ortho to both phthalonitnle groups, thus inaccessible to 
intramolecular contacts. 
The sheets of LSIO41 and LSIO15 are staggered with respect to one another as in 
LS1244 and the interactions between the sheets are similar to those observed for LS1244. 
LSI041 and LSI015 both have edge-to-face type interactions between the phthalonitrile and 
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hydroquinone groups and short intermolecular contacts between nitrogen and aromatic-
hydrogen atoms. However, only LSI041 possess an antiparallel nitrilenithle contact, as it 
resembles LS1244 more closely. The phthalonitrile groups ofLSIOl5 are almost perpendicular 
to one another and so are packed differently compared to those of LS1244 and LSI041. Thus 
it is not surprising that LSIO15 does not possess an antiparallel nitrile ... nitri1e contact. 
The nitrile groups are ortho and meta to the ether linkage in LS1055 (as opposed to 
the meta and pwa positions in LSI041), which hinders the formation of sheets of molecules. 
It has been shown that the packing scheme adopted by its structural isomer LSI041 cannot 
accommodate a nitrile group in the ortho position. Also, the shortest N"H contacts associated 
with the sheets in LSI041 are to the nitrogen in the pam position. However, the packing of 
LS1055 does contain face-to-face interactions between phthalonitrile groups. In all of the 
face-to-face interactions, the planes are not parallel [dihedral angles between planes from 
2.7(6) to 28.3(6)°]. There are no short intermolecular contacts between nitrogen and aromatic 
hydrogens accompanying the face-to-face contacts, as there is no para nitrile group. There 
are however, short N"H intermolecular contacts between phthalonitrile groups that are 
arranged in an edge-to-edge manner to one another. There are no edge-to-face interactions 
between the phthalonitrile and hydroquinone groups in LS1055. This is due to the stacking 
of the layers as the hydroquinone rings are on top of one another, which means the only 
intermolecular contacts are between the tertiary-butyl groups. 
The norbornene group of LSI1 17 prevents it from packing in sheets as in LS1244. 
However, the packing scheme of LSI1 17 does contain all of the features seen in previous 
structures, such as face-to-face interactions between phthalonitrile groups, edge-to-face 
interactions between phthalonitrile and hydroquinone groups, antiparallel nitrilenitrile 
contacts, and short intermolecular contacts between nitrogen and hydrogen atoms. The cause 
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of the polymorphic structures of LSI1 17 is a rotation about the C-O bond to one of the 
phthalomtrile groups so that the phthalonitrile groups are no longer equivalent. It does not 
significantly alter the packing scheme and so does not provide any new information. 
The packing schemes of LS1055 and LSI1 17 can both be described as consisting of 
layers of molecules containing face-to-face interactions between phthalonitrile groups. 
However, this is as far as the similarities go, e.g. the layers of LSI1 17 also contain edge-to-
face interactions between phthalonitrile and hydroquinone groups whereas there are no inter-
ring interactions to the hydroquinone rings in LS1055. The molecules in the layers of LS1055 
pack directly on top of one another. Thus to increase the packing efficiency there are two 
distinct layers of symmetry independent molecules. This is in contrast to LSI117 where the 
layers are staggered with respect to one another to increase the packing efficiency. 
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CHAPTER 7 
Molecular Geometry and Crystal Packing of Tetranitriles Based on Biphenyls or With 
Hinge Units 
The introduction to the previous chapter reviewed the inteim olecular interactions that 
were found in the literature for similar systems with aromatic rings and mtrile groups, such 
as inter-ring interactions [Hunter, 1990], short N"H contacts [Janczak et a!, 1995] and 
antiparallel nitrile"nitrile contacts [Rij et a!, 1977]. The structures of the tetranitriles based 
on hydioquinone and resorcinol exhibited a wide range of these intermolecular interactions, 
and the effects of substituents on these interactions were clearly seen. 
The molecules discussed in this chapter have two inner-rings, either a biphenyl group 
or two rings linked by a hinge unit. Thus it is possible that either the intermolecular 
interactions observed in the previous chapter will be disrupted due to the size of the 
molecules, or that new variations of those intermolecular interactions will be observed. 
7.1. Molecular Geometry and Crystal Packing of LSI103 
Molecular geometry.- The molecule lies on an inversion centre at (0,1,1), thus the 
biphenyl group is planar [dihedral angle between phenyl rings of biphenyl group = 0.00]. 
Figure 7.1. 1.  is a theim al ellipsoid plot of LSI 103 [only the symmetry independent atoms are 
labelled]. There is a short intramolecular contact due to the planar biphenyl group, i.e. 
H(9) ... H(1 1)(-x,2-y,2-z) 2.011(10) A. Thus the packing forces in the crystal have overcome 











The phthalonitrile groups are approximately coplanar to the ether plane, and the 
biphenyl group is approximately perpendicular to the ether plane, respectively. The dihedral 
angles between these planes are as follows. 
Ether plane 
C(1), 0(1) and C(7) 
Phthalonitrile plane 
C(1 )(-x,2-y,2-z) to 
C(6)(-x,2-y,2-z) 
Phthalonitrile plane 
C(1) to C(6) 
14.7(6)' 
0 . 00 
Biphenyl plane 




Thus the molecule adopts a distorted skewed conformation, with quite a large distortion 
of the biphenyl and ether planes away from being perpendicular. The phthalonitrile ring is 
tilted away from being coplanar with the ether plane to increase the dihedral angle it 
makes with the biphenyl plane. This reduces intramolecular contacts from the 
phthalomtrile groups to the methyl substituents of the biphenyl group. The shortest 
intramolecular distance observed between the methyl substituents of the biphenyl group 
and the phthalonitrile group is H(6)H(83) 2.732(23) A. 
The symmetry related phthalonitrile groups are trans across the biphenyl group 
[C(1)0(1)0(1)(-x,2-y,2-z)C(1)(-x,2-y,2-z) = 180.0°], with the meta nitrile groups in the trans 
position [torsion angle N(3)C(3)0(1)C(7) = -155.9(7)°]. The CCO angles increase as the 
CCOC torsion angle goes from trans to cis due to steric interactions, as shown below. 
Bond angle /° Torsion angle /0 
C(2)C(1 )O(1) 113.5(7) C(2)C(I)O(I)C(7) -164.4(6) 
C(12)C(7)0(1) 115.8(7) C(12)C(7)0(1 )C(1) -116.7(7) 
C(8)C(7)0(1) 120.3(7) C(8)C(7)0(1 )C(1) 68.8(8) 
C(6)C(1 )0(1) 122.4(7) C(6)C(I)O(I)C(7) 14.0(10) 
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Crystal packing.- The packing of LSI103 can be described in terms of sheets of 
molecules, as observed in LS1244. The sheets are parallel to the (012) planes [Figures 7.1.2. 
(a) and (b)]. Thus 012 is a strong reflection [F0 = 39.0, F = 45.4, cr = 0.4]. The phthalonitrile 
and hydroquinone planes are approximately perpendicular and parallel to (012), with the 
following dihedral angles between planes. 
Phthalonitrile plane 	Biphenyl plane 
	
(012) 	 81.5(6)° 	 27.5(6)0 
(010) 	 15.9(6)° 	 57.6(6)° 
The phthalomtrile groups which are approximately parallel to the bc-plane, are 
stacked in column along the a-axis direction. There are two different stacking interactions 
present, designated interactions 1 and 2 [Figures 7.1.3. (a) and (b)]. The inter-ring parameters 
for these interactions are as follows. 
Interact. 	Dihed. /0 	r(cent)/ A Elev. /0 i(xy) / A r(z) / A 	Orient. /0 
1 	0.0 	5.198(15) 41.4(10) 3.896(15) 3.440(15) 	180.0 
2 	0.0 	7.473(15) 24.6(10) 6.794(15) 3.113(15) 	180.0 
The pairs of phthalonitrile groups in both interactions are related by inversion 
centres. Thus the phthalonitrile planes in these face-to-face type interactions are required to 
be parallel. 
Interaction 1 has ir-mtrile character with the following close intermolecular contacts: 
i.e. the closest N"H, N"C and C"C contacts are H(2)N(4)(-x,-y,1-z) 3.327(10) A, 
C(5)"N(3)(-x,-y,1-z) 3.388(9) A and C(3')C(4)(-x,-y,1-z) 3.412(10) A. There are also 
intermolecular contacts between the nitrogen of the nitrile groups and the methyl hydrogens, 
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Figum 7.1.2. (a) Packing diagram of LSI103 viewed normal to (100) 
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Figum 7.13. (a) 










Figuie 7.1.3. (b) 
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i.e. the shortest is H(83)N(3)(-x,-y,1-z) 2.764(22) A, with CH "N and HNC angles of 
134.7(5)0 and 132.8(5)0, respectively. This interaction is equivalent to those found in the 
phthalonitrile group stacking of LS1244, although the short N ... H contacts is to a methyl 
hydrogen as opposed to an aromatic hydrogen. 
In contrast, interaction 2 is only between the nitrile groups. The only short 
intermolecular contacts in interaction 2 are N(3) ... N(4)( 1 -x,-y,1 -z) 3.331(9) A, C(4') ... N(3 )(1 -x,-
y,1-z) 3.421(10) A and C(3') .. . N(4X1-x,-y,1-z) 3.458(10) A. There is little intermolecular 
contact between the phthalonitrile groups in interaction 2, thus the phthalonitrile group 
stacking in LSI103 is not as strong an interaction as that found in LS1244. 
The only other close intermolecular contacts in the sheets are between whole 
molecules a unit cell translation apart along the a-axis. All of these contacts involve the 
hydrogen atoms of the methyl group [Figure 7.1.4.], as the biphenyl group is close to being 
parallel to the sheets. The closest intermolecular contacts to the methyl-hydrogens are with 
the biphenyl hydrogens, i.e. H(11)H(123)(1-x,2-y,2-z) 2.291(30) A and H(9)H(123)(-
1+xy,z) 2.685(30) A. There are also some longer intermolecular contacts between the 
methyl-hydrogens and the face of the phthalonitrile groups, e.g. the shortest contact is 
C(5)H(81)(1+xy,z) 3.119(25) A. Thus the methyl groups space the molecules apart in the 
sheets thereby weakening the intermolecular interactions present. 
The sheets are stacked in a staggered manner [see Figure 7.1.2. (a)] to increase the 
packing efficiency. Figure 7.1.5. shows the closest pair of molecules in adjacent sheets. The 
phthalomtrile and biphenyl groups are packed beside one another. This interaction is an edge-
to-face type. The inter-ring parameters between the phthalonitrile ring and the two rings 








Ring 	Dihed. /0 	,(cent)/ A 	Elev. /0 r(xy) / A 
1 	73.4(10) 	6.036(15) 	59.5(10) 3.065(15) 
[3.5(10)] [6.024(15)] 









The closest intermolecular contacts to biphenyl ring 1 are from H(2) on the edge 
of the phthalonitrile group, i.e. the shortest CH contact is C(10)H(2)(x,1+y,z) 3.185(10) A. 
This is a it-cy character interaction. In contrast, the closest intermolecular contacts to biphenyl 
ring 2 are from 0(1), i.e. the shortest OC contact is C(12)"O(1)(-x,1-y,2-z) 3.473(8) A. This 
interaction is between the ic-cloud and the lone pairs on the oxygen. 
There is also a face-to-face interaction between the biphenyl rings of the two 
molecules shown in Figure 7.1.5. The inter-ring parameters between these biphenyl rings are 
as follows. 
Dihed. /0 	?(cent) / A 	Elev. /0 	i(xy) / A 	i(z) / A 	Orient. /° 
	
0.0 	4.513(15) 	49.9(10) 	2.905(15) 	3.454(15) 	180.0 
The shortest intermolecular contact between the biphenyl rings is C(7)C(7)(-x,1-
y,2-z) 3.471(11) A. Thus the interaction has ic-ic character. This interaction is accompanied 
by intermolecular contacts between the methyl-hydrogens on these biphenyl rings, e.g. the 
shortest H  contact is H(81)"H(121)(-x,1-y,2-z) 2.612(35) A. 
Two short NH intermolecular contacts are also present between phthalonitnle groups 
of the molecules shown in Figure 7.1.5. The N"H contacts are H(6)"N(3)(x,1+y,z) 2.663(10) 
A with CN"H and N"HC angles of 118.8(5) and 119.3(5)°, respectively, and 
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H(5)"N(3)(x,1+y,z) 2.733(9) A with CNH and N"HC angles of 153.3(5) and 116.9(5)°, 
respectively. The inter-ring parameters for these phthalonitrile groups are as follows. 
Dihed. /0 	?(cent) / A 	Elev. /0 	i(xy) / A 	i(z) / A 	Orient. /0 
0.0 	7.892(15) 	7.5(10) 	7.914(15) 	1.043(15) 	0.0 
The remaining interactions between molecules in adjacent sheets include short 
N"H intermolecular contacts, contacts between phthalonitrile groups and contacts between 
the methyl groups. Two short NH intermolecular contacts are observed from N(4) to the 
aromatic hydrogen-atoms of the biphenyl groups [Figure 7.1.6.]. The shortest contact is: 
H(11)N(4)(x,1+y,1+z) 2.784(9) A, with CNH and N"HC angles of 158.5(5) and 138.7(5)0 , 
respectively. The inter-ring parameters for the respective phthalomtrile and biphenyl rings are 
as follows 
Dihed. /0 	t(cent) / A 	Elev. /0 	i(xy) / A 	,(z) / A 	Orient. /0 
73.4(10) 	8.427(15) 	32.2(10) 	7.129(15) 	4.493(15) 	-62.4(10) 
[19.4(10)] [7.948(15)] [2.799(15)] 
The longer N"H contact is H(9) "N(4)(-x,1-y,1-z) 2:811(10) A with CN"H and 
N"HC angles of 118.1(5) and 143.1(5) 0, respectively. The inter-ring parameters for the 
respective phthalonitrile and biphenyl rings are as follows. 
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Thus N(4) is involved in a bifurcated NH contact with the biphenyl-hydrogens. This 
interaction is accompanied by intermolecular contacts from the phthalonitrile group to the 
methyl-hydrogens of the biphenyl group, i.e. the shortest H ... H contact is H(5)"H(83)(-x,1-y,1-
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There is an intermolecular interaction between phthalonitrile groups in adjacent sheets 
[Figure 7.1.7.]. The inter-ring parameters between these phthalonitrile groups are as follows. 
Dihed. /0 	?(cent) / A 	Elev. /0 	(xy) / A 	,(z) / A 	Orient. /0 
0.0 	6.008(15) 	20.2(10) 	5.640(15) 	2.070(15) 	180.0 
This interaction is best described as being an intermediate between edge-to-edge 
and face-to-face type interactions, as the projected distance between the centres of the rings 
is large but the rings are not coplanar. The shortest intermolecular contacts are H(5)H(5)(-
x,l-y,l-z) 2.533(9) A and C(5)H(5)(-x,1-y,1-z) 2.975(9) A. Thus the interaction has ic-a 
character. 
The only other interaction between molecules in adjacent sheets involve the methyl 
groups [no figure supplied]. There are contacts from the methyl-hydrogens to the edge of the 
phthalomtrile groups, e.g. the shortest contact is H(2)"H(122)(1-x,1-y,2-z) 2.773(25) A, and 
contacts to other methyl-hydrogens, e.g. the shortest contact is H(121)H(123)(1-x,1-y,2-z) 
2.859(39) A. 
In summary, LSI103 which is the simplest of the molecules discussed in this chapter 
packs in a similar fashion to LS1244, with sheets of molecules perpendicular to the 
phthalonitrile groups and parallel to the inner-rings. Within the sheets are face-to-face 
interactions between the phthalonitrile groups which form columns along the a-axis direction. 
However, they are not accompanied by short N  intermolecular contacts to aromatic 
hydrogens as the biphenyl groups have methyl groups in both positions ortho to the ether 
linkage. These methyl groups weaken the phthalonitrile stacking interactions compared to 
those in LS1244 by hindering the overlap of the phthalomtrile groups and by spacing the 
molecules apart in the a-axis direction. 
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As in LS1244, the sheets are staggered with respect to one another, so that there are 
edge-to-face interactions between the phthalonitrile and biphenyl groups. There are also short 
NH intermolecular contacts between the sheets, and an unusual face-to-face interaction 
between a pair of biphenyl groups. The face-to-face interaction between the biphenyl groups 
is not completely unexpected due to the large van der Waals surface presented by the planar 
biphenyl group. The biphenyl group presumably adopts a planar conformation as this allows 
a wide range of intermolecular interactions to the face of the group, overcoming the steric 
effect between the hydrogen atoms ortho to the C-C bond between the biphenyl rings. 
7.2. Molecular Geometry and Crystal Packing of LE0023 
Molecular geometry.- There are two half molecules of LE0023 [labelled A and B], 
and an acetonitrile solvent molecule disordered about a two-fold axis, per asymmetric unit. 
Both of the molecules are bisected by crystallographic two-fold axes [Figures 7.2.1. (a) and 
(b), only symmetry independent atoms are labelled]. The data were collected at room 
temperature, therefore the anisotropic displacement parameters are large, especially those for 
the tertiary-butyl and nitrile groups as they are affected by thermal motion the most. The 
conformations adopted by the two independent molecules are noticeably different. 
In molecule A the phthalonitrile plane is close to being coplanar with the ether plane. 
The planes through the two phenyl rings of the biphenyl group make a dihedral angle of 
21.3(1)° with one another. The plane through a biphenyl ring is approximately perpendicular 
to the ether plane to which it is bonded. The phthalonitrile plane is parallel to the ether plane. 
The following dihedral angles are between planes in molecule A. 
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Figure 71.1. (a) LE0023 molecule A with 50% thermal ellipsoids 
Figure 7.2.1. (b) LE0023 molecule B with 50% thermal ellipsoids 
229 
Phthalonitrile plane 	Biphenyl plane 
C(1 A) to C(6A) C(7A) to C(12A) 
Ether plane 	 3.9(4)0 	 70.8(2)0 
C(1A), O(1A) and C(7A) 
Thus molecule A adopts a distorted skewed confonn ation about the ether linkages, with the 
biphenyl group twisted away from being planar. The symmetry equivalent phthalonitiile 
groups of molecule A are trans across the biphenyl group [C(1A)O(lA)O(1A)(y,x,l-
z)C(1A)(y,x,1-z) = 119.1(4)], with the meta nitrile group in the cis position 
[N(3A)C(3A)O(1A)C(7A) = 6.1(3)°]. The tertiary butyl groups are on the sane side of the 
biphenyl group. The tertiary-butyl groups adopt a conformation that minimises the 
intramolecular contact with the phthalonitrile group as C(82A) is trans to C(7A), i.e. 
C(82A)C(8'A)C(8A)C(7A) = 172.7(2)°. 
The bond angles at C(1 A) vary as expected as the torsion angles vary from trans to 
cis. In contrast, the angles at C(7A) are affected by the tertiary-butyl group so that the angle 
C(8A)C(7A)O(1A) is the largest, due presumably to the relief of steric interactions with the 
tertiary-butyl group. 
Torsion angle /0 
C(6A)C(1 A)O(1 A)C(7A) 
C(8A)C(7A)O(IA)C(IA) 
C(1 2A)C(7A)O(l A)C(1 A) 
C(2A)C(1 A)O(1 A)C(7A) 
Bond angle /0 
-178.0(2) C(6A)C(1 A)O(1 A) 114.3(2) 
-111.6(3) C(8A)C(7A)O(1A) 119.4(2) 
72.6(3) C(12A)C(7A)O(IA) 117.2(3) 
5.2(4) C(2A)C(IA)O(IA) 123.4(2) 
As in molecule A, the phthalonitrile and biphenyl planes of molecule B are 
approximately coplanar with and perpendicular to the ether plane. However, in contrast to 
molecule A, the biphenyl rings in molecule B are very close to being coplanar, with a 
dihedral angle between the two phenyl planes of 5.4(1)0 . The following dihedral angles are 
between planes in molecule B. 
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Phthalonitrile plane 	Biphenyl plane 
C(1B) to C(6B) C(7B) to C(12B) 
Ether plane 	 5.5(4)0 	 61.6(2)0 
C(1B), O(IB) and C(7B) 
Thus molecule B adopts a distorted skewed conformation about the ether linkages with 
the biphenyl group just twisted away from being planar, as does molecule A. In contrast 
to molecule A, the symmetry equivalent phthalonitrile groups of molecule B are gauche 
across the biphenyl group [C(1B)O(1B)O(1B)(y,x,1-z)C(1B)(y,x,1-z) = 54.6(3)0}, with the 
meta nitrile group in the cis position [N(3B)C(3B)O(1B)C(7B) = -0.4(3) 0]. 
The tertiary butyl groups of molecule B adopt a similar conformation to molecule 
A, that reduces intramolecular contact with the ether linkage and phthalonitrile group, i.e. 
C(81B)C(8'B)C(8B)C(7B) = -173.7(3)°. The bond angles at C(1B) and C(7B) vary in a 
similar manner as observed for molecule A. 





Bond angle /0 
175.9(2) C(6B)C(1B)O(1B) 116.0(2) 
120.7(3) C(8B)C(7B)O(1B) 121.1(2) 
-64.4(3) C(12B)C(7B)O(1B) 117.1(2) 
-7.2(4) C(2B)C(1B)O(1B) 123.9(2) 
Crystal packing.- The packing scheme of LE0023 is very complicated, as it 
crystallizes in the space group P3 121 with two half molecules and a disordered acetomtrile 
molecule per asymmetric unit [Figure 7.2.2.]. Therefore to simplify the discussion of the 
crystal packing of LE0023 the intermolecular interactions will be considered as individual 
interactions. 
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Figum 711. Packing diagram of LE0023 viewed normal to (100) 
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There are two different face-to-face interactions between phthalonitrile groups in 
LE0023. However, in both cases the planes are not parallel, which hinders a large overlap 
of the van der Waals surfaces. The first face-to-face interaction is between the phthalonitrile 
groups of the independent molecules A and B [Figure 7.2.3.]. The inter-ring parameters 
between these phthalonitrile groups are as follows. 
Dihed. /0 	!(cent) / A 	Elev. /0 	i(xy) / A 
	
,(z) / A 	Orient. 1° 
34.9(2) 	4.561(6) 	59.2(5) 	2.335(6) 
	
3.918(6) 	-49.5(4) 
[69.2(5)] [1.621(6)] [4.263(6)] 
The interaction has ir-mtrile character, as the majority of closest intermolecular 
contacts are between ring and nitrile atoms, i.e. the shortest CH and C  intermolecular 
contacts are C(4'A)"H(5B)(-1+x,-1+y,z) 3.223(4) A and C(5A)N(4B)(-1+x,-1+y,z) 3.350(4) 
A. However, the shortest intermolecular distance between these groups is the N"H contact 
H(5A)N(4B)(-1+x,-1+y,z) 2.937(4) A, with CNH and NHC angles of 98.2(4) 0 and 
108.5(4)0 respectively. There are also longer intermolecular contacts between the mtnle 
groups, e.g. C(4'A)"C(4'B)(-1+x,-1+y,z) 3.569(4) A. There is no short N ... H contact between 
the phthalonitnle and biphenyl groups as seen in previous interactions of this type as the 
phthalonitrile groups are orientated in the same direction. However, intermolecular contacts 
are also present between the biphenyl groups of these two molecules. The closest 
intermolecular contacts are between tertiary-butyl hydrogen-atoms, e.g. the shortest is 
H(81A)"H(84B)(-1-y,-1+x-y, 1/3+z) 2.456(30) A, and between tertiary-butyl and biphenyl 
hydrogen-atoms, e.g. the shortest is H(82A)H(11B)(-1+x,-1+y,z) 2.545(17) A. 
The second face-to-face interaction is between a pair of molecule As that are related 
by an inversion centre [Figure 7.2.4.]. The inter-ring parameters between these two 







































Dihed. /0 	?(cent) / A 	Elev. /0 	i(xy) / A 
	
(z) / A 	Orient. 1° 
31.9(2) 	4.182(6) 	60.8(5) 	2.042(6) 
	
3.650(6) 	-143.2(4) 
This interaction has ic-ic character, as the closest intermolecular contacts are 
between ring atoms, i.e. the shortest WH and CC intermolecular contacts are 
H(5A)H(5A)(x-y,-y, 21s-z) 2.884(4) A and C(5A)"C(5AXx-y,-y, 2/3-z) 3.186(4) A. The dihedral 
angle between the phthalonitrile planes is such that the intermolecular distance between the 
ring and nitrile atoms is much larger, e.g. the shortest intermolecular distance between a ring 
and nitnle atom is C(IA)"N(4A)(x-y,-y, 2&z) 3.83 1(4) A. There is however, a short N  
intermolecular contact present between the nitrile group and an aromatic-hydrogen of the 
biphenyl group, i.e. H(12A)"N(4A)(x-y,-y, 213-z) 2.860(4) A, with CNH and N"HC angles of 
96.3(4) and 155.6(4)° respectively. The inter-ring parameters for the phthalonitnle and 
biphenyl rings involved in this NH contact are as follows. 
Dihed. /0 	i(cent) / A 	Elev. /0 	i(xy) / A 	t(z) / A 	Orient. /0 
54.5(2) 	7.649(6) 	11.0(5) 	7.508(6) 	1.464(6) 	-62.4(4) 
[35.9(5)] [6.196(6)] [4.486(6)] 
There is an unusual face-to-face interaction between the phthalomtrile group of 
molecule B and the two rings [rings 1 and 2] of the biphenyl group of molecule A [Figure 
7.2.5.]. The inter-ring parameters between the phthalonitrile and biphenyl rings are as 
follows. 
Ring 	Dihed. /0 	?(cent)/ A 	Elev. /0 
1 	1.0(2) 	3.873(6) 	62.1(5) 
[61.1(5)] 
2 	22.2(2) 	5.193(6) 	45.7(5) 
[40.2(5)] 
t(xy) / A i(z) / A 	Orient. 10 
1.810(6) 3.424(6) 	-49.4(4) 
[1.870(6)] [3.392(6)] 
3.628(6) 3.716(6) 	51.3(4) 
[3.970(6)] [3.348(6)] 
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The phthalonitrile ring is almost parallel to biphenyl ring 1, and also has the 
greatest overlap with it. The interaction with biphenyl ring 1 has both it-nitrile and ic-ic 
character, i.e. the shortest CC intermolecular contact between the phthalonitrile and biphenyl 
rings and is C(12A)C(5B-y,x-y, 2/;3+z) 3.43 9(4) A, and between the biphenyl ring and nitrile 
groups the shortest contact is C(9A)"C(4'B)(-y,x-y, 2/s+z) 3.449(4) A. 
The interaction between the phthalonitrile and biphenyl ring II has only ir-nitrile 
character, e.g. the shortest NH and N"C intermolecular contacts are H(9A)"N(4B)(x-y,-y,4 
z) 3.052(4) A and C(8A)"N(313)(x-y,-y,%-z) 3.458(4) A. The tertiary-butyl groups of 
molecule A are on the same side of the biphenyl group. Thus the tertiary-butyl groups do not 
hinder the formation of these face-to-face interactions. 
There is also a short NH intermolecular contact between the nitnle group and a 
hydrogen of a phthalonitrile group in Figure 7.2.5., i.e. H(2A)N(3B)(x-y,-y,%-z) 2.656(4) 
A, with CNH and N"HC angles of 121.4(4) and 141.8(4)°, respectively. The inter-ring 
parameters for these rings are as follows. 
Dihed. /0 	P(cent) / A 	Elev. /0 	,(xy) / A 	i(z) / A 	Orient. 1° 
52.1(2) 	8.140(6) 	2.3(5) 	8.134(6) 	0.331(6) 	-115.7(4) 
	
[13.2(5)] [7.925(6)] [1.857(6)] 
There are also numerous intermolecular contacts to the tertiary-butyl groups of the 
two molecules shown in Figure 7.2.5., e.g. a tertiary butyl group of molecule A is close to 
the edge of the biphenyl group of molecule B: H(11A)H(82B)(-y,x-y,%+z)2.726(17) A, and 
a tertiary butyl group of molecule B is close to the mtrile groups of molecule A: 










The faces of the two rings [rings 3 and 4] of the biphenyl group of molecule B are 
involved in a more common face-to-edge interaction with the edge of the phthalomtrile group 
of molecule A [Figure 7.2.6.]. The inter-ring parameters between these phthalonitrile and 
biphenyl rings are as follows. 
Ring 	Dihed. /0 	,(cent)/ A 	Elev. /0 r(xy) / A ,(z) / A 	Orient. 10 
3 	76.8(2) 	4.812(6) 	76.1(5) 1.157(6) 1.157(6) 	-34.3(4) 
[5.7(5)] [4.788(6)] [0.481(6)] 
4 	71.3(2) 	6.149(6) 	46.9(5) 4.203(6) 4.203(6) 	130.9(4) 
[14.9(5)] [4.280(6)] [0.110(6)] 
The interaction between the phthalomtrile group and biphenyl ring 3 mainly 
involves the hydrogen atoms H(6A) and H(5A) of the phthalonitrile ring, i.e. the shortest 
C ... H intermolecular distances to these two atoms are C(12B)"H(6A)(1+x-y,-y, 2/&-z) 2.910(4) 
A and C(11B)"H(5A)(1+x-y,-y,%-z) 3.049(4) A, respectively. Thus this interaction has it-a 
character. 
The only intermolecular contact between the phthalonitrile group and biphenyl ring 
4 is H(5A)H(9B)(-1+xy,z) 3.007(4) A. The tertiary-butyl groups on opposite sides of the 
biphenyl group of molecule B prevent any face-to-face interactions, but do not hinder the 
formation of edge-to-face interactions. 
There are numerous intermolecular contacts involving the tertiary-butyl groups of the 
molecules shown in Figure 7.2.6., e.g. the shortest HH intermolecular contact is 
H(86A) ... H(89B)(-1+x-y,-y,%..z) 2.594(27) A, and there are also contacts to the phthalonitnle 
rings, i.e. H(85A)"H(6B)(-1+x-y,-y,%-z) 2.595(19) A and H(6A)"H(88B)(-1+x-y,-y,4z) 
3.043(21) A, and also to oxygen-atoms, i.e. H(86A)"O(1B)(-1+x-y,-y,4z) 2.959(19) A. 
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Short N"H intermolecular contacts are present between a pair of molecule B's [Figure 
7.2.7.], i.e. H(11B)N(4B)(1+x-y,1-y, 2/3-z) 2.829(4) A, with CN"H and N --HC angles of 
130.9(4) and 135.5(4)° respectively, and H(12B)"N(3B)(1±x-y,1-y, 21s-z) 2.891(4) A, with 
CNH and N"HC angles of 152.2(4) and 120.8(4)° respectively. The inter-ring parameters 
for the phthalomtrile rings involved are as follows. 
Dihed. /0 	i(cent) / A 	Elev. /0 	r(xy) / A 	i(z) / A 	Orient. 1° 
70.1(2) 	7.291(6) 	41.7(5) 	5.444(6) 	4.851(6) 	-24.1(4) 
[27.2(5)] [6.486(6)] [3.331(6)] 
The only other short intermolecular contact between these two molecules is from a 
nitrogen atom to a tertiary-butyl hydrogen atom, i.e. H(86B)"N(4B)(x,-1+y,z) 2.763(25) A. 
The remaining intermolecular contacts between molecules of LE0023 are to the 
tertiary-butyl groups [no figure supplied], e.g. H(5B)" .H(87B)(1x,1-x+y, 1/3-z)2.724(20)A and 
H(87B) ... N(3A)(-x,-x+y, 1/a-z) 2.769(20) A. The disordered solvent molecule sits in a cavity 
surrounded by one whole B molecule and two half B molecules [Figure 7.2.8.]. The solvent 
molecule sits above the biphenyl plane of molecule B, e.g. C(11B)H(1S1)(x-y,-y,%-z) 
3.09(20) A, with contacts to phthalonitrile rings of both unique molecules surrounding it, e.g. 
H(2B)"N(3S)(xy,z) 2.738(14) A, H(1S2)"N(3A)(xyz) 3.02(20),k and H(1S3)N(3A)(x-y,-
y,%-z) 3.06(20) A. 
In summary, the inclusion of a acetonitrile solvent molecule indicates the poor 
packing qualities of this molecule. This is presumably due to the bulky tertiary-butyl groups 
which hinder close packing and the wide range of conformations possible due to rotation 
about the biphenyl bond. 
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This structure is unusual in that the face-to-face interactions between phthalonitrile 
groups do not have parallel planes. This presumably hinders the formation of sheets of 
molecules as in LS1244. There is however, an unusual face-to-face intermolecular interaction 
between the phthalonitrile and biphenyl rings, as well as a more common edge-to-face 
interactions between the phthalonitrile and biphenyl groups. 
73. Molecular Geometry and Crystal Packing of LSI110 
Molecular geometry.- Figure 7.3.1. is a thermal ellipsoid plot of LSI11O. This is a 
room temperature structure, which can be seen in the large anisotropic thermal parameters 
of the non-hydrogen atoms. The thermal motions of the nitrile groups are especially large as 
they are on the ends of the molecule and so affected by vibration the most. The phthalonitrile 
groups and inner phenyl rings are designated group I if they are bonded to 0(1), and group 
H if they are bonded to 0(2). 
LSI1 10 has two different ether linkages and one hinge unit, and so has many possible 
conformations. The conformation adopted at the first ether linkage, i.e. 0(1), has the 
phthalonitnle ring close to coplanar with the ether linkage, and the inner-ring close to 
perpendicular to the ether plane. The dihedral angles between these planes are as follows. 
Ether plane 
C(1), 0(1) and C(7) 
Phthalomtrile plane 
C(l) to C(6) 
Phthalonitrile plane 
C(1) to C(6) 
8.6(6)° 
Inner-ring I plane 
C(7) to C(12) 
87 .4(5)0 
88.7(2)0 
Thus the molecule adopts an almost ideal skewed conformation about the first ether 
linkage. 
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Figum 73.1. LSI1 10 with 50% thermal ellipsoids 
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The variations of the CCO bond angles with the CCOC torsion angles about the first 
ether linkage are as follows. 
Torsion angle /0 Bond angle 1° 
C(2)C(1)O(1)C(7) 171.9(5) C(2)C(1)0(1) 115.6(6) 
C(12)C(7)0(1)C(l) 93.9(7) C(1 2)C(7)0(1) 117.4(6) 
C(8)C(7)0(1 )C(1) -89.0(7) C(8)C(7)0(1) 118.8(6) 
C(6)C(I)O(I)C(7) -9.0(9) C(6)C(1)0(1) 123.2(5) 
The angles at C(7) are within 3 esds and so are effectively the same. This is due to similar 
steric interactions about the ether linkage as the torsion angles are similar. Whereas the 
differences in the angles at C(1) are due to different steric interaction due to the large 
difference in torsion angle. 
The conformation adopted by the hinge unit, i.e. C(13), has both inner-ring I and 
inner-ring II half way between being coplanar and perpendicular to the hinge plane. The 
dihedral angles between these planes are as follows. 
Inner-ring I plane 	Inner-ring H plane 
C(7) to C(12) 	C(14) to C(19) 
Hinge plane 	 41.1(4)0 	 49.5(5)° 
C(10), C(13) and C(14) 
Inner-ring I plane 	 76.4(2)° 
C(7) to C(12) 
Thus the molecule adopts a half-half conformation about the hinge unit. The variations of 
the CCC bond angles with the CCCC torsion angles about the hinge unit are given below. 
Torsion angle /° Bond angle /0 
C(1 1)C(10)C(13)C(14) 142.1(6) C(11)C(10)C(13) 121.1(6) 
C(15)C(14)C(13)C(10) 133.4(6) C(15)C(14)C(13) 120.2(6) 
C(19)C(14)C(13)C(10) -51.2(8) C(19)C(14)C(13) 119.8(6) 
C(9)C(1 0)C(1 3)C(14) -44.1(8) C(9)C(1 0)C(1 3) 120.5(5) 
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The bond-angles are all equivalent as they are all within 3 esds of one another. Thus 
the steric interaction between the inner-rings and the methyl groups of the hinge group 
balance the steric interaction between the atoms of the inner-rings and hinge. 
The conformation adopted by the second ether linkage, i.e. 0(2), is similar to that 
of the first. Thus the phthalonitrile ring is approximately coplanar with the ether linkage, and 
the inner-ring close to perpendicular to the ether plane. The dihedral angles between these 
planes are as follows. 
Ether plane 
C(17), 0(2) and C(20) 
Phthalonitrile plane 
C(20) to C(25) 
Phthalonitrile plane 
C(20) to C(25) 
13.7(9)° 
Inner-ring II plane 
C(14) to C(19) 
85.3(5)° 
86.8(2)° 
Thus the molecule adopts an almost ideal skewed conformation about the second ether 
linkage. The variations of the CCO bond angles with the CCOC torsion angles about this 
ether linkage are similar to those observed for the first ether linkage, and are shown 
below. 
Torsion angle /0 Bond angle /0 
C(25)C(20)0(2)C(1 7) -167.2(6) C(25)C(20)0(2) 115.1(6) 
C(16)C(17)0(2)C(20) -97.0(8) C(1 6)C(1 7)0(2) 117.9(6) 
C(18)C(17)0(2)C(20) 88.2(8) C(18)C(17)0(2) 116.2(7) 
C(21)C(20)0(2)C(17) 14.2(10) C(21 )C(20)0(2) 125.3(6) 
The meta-nitrile group of phthalonitrile groups I and II are in the gauche 
[N(3)C(3)0(1)C(7) = -69.0(5)°] and cis [N(22)C(22)0(2)C(17) =18.7(7)°] positions 
respectively. Phthalonitrile group I and inner-ring II are gauche across inner-ring I 
[C(1)0(1)C(13)C(14) = 52.6(6)0], whereas phthalonitrile group II and inner-ring I are 
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between gauche and cis across inner-ring II [C(20)O(2)C(13)C(10) = 36.1(6)°]. Thus the 
phthalonitrile rings are gauche across the inner-rings [C(1)0(1)0(2)C(20) = 69.1(5)°J 
Crystal packing.- LSI1 10 does not pack in sheets of molecules as observed for many 
of the simpler tetranitriles. This is probably due to the conformation adopted by the molecule 
as it has three hinges as opposed to only two hinges as in previous structures. Figure 7.3.2. 
shows a view down the b-axis, which reveals the unique packing scheme adopted by LSI1 10. 
The packing of LSI1 1 is therefore best described by the individual interactions. 
There are three different types of inter-ring interactions only involving the 
phthalomtrile groups in this structure. The first is a face-to-face interaction between a pair 
of phthalonitrile group I's as shown in Figure 7.3.3. The inter-ring parameters between these 
phthalonitrile groups are as follows. 
Dihed. /0 	P(cent) / A 	Elev. /0 	,(xy) / A 	i(z) / A 	Orient. /0 
36.3(2) 	6.251(9) 	59.8(7) 	3.145(9) 	5.402(9) 	-22.6(5) 
[29.2(7)] [5.459(9)] [3.044(9)] 
The phthalonitrile rings are not parallel, this reduces the likelihood of a large overlap 
of the van der Waals surfaces of the phthalonitrile groups. The interaction has mainly it-
nitnle character, as all the short intermolecular contacts are to N(4), e.g. the shortest NC 
intermolecular contact is C(4)"N(4)('/z-x,-'/2+y,'/2-z) 3.393(10) A. This interaction is 
accompanied by NH intermolecular contacts involving the methyl-groups, i.e. 
H(121)"N(3)( 1/2-x,-'A+y,'/2-z) 3.006(42) A. Thus the methyl groups hinder a greater overlap 
of the phthalonitrile groups compared to the short NH contact to an aromatic hydrogen 
observed in similar interactions. 
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The next inter-ring interaction between phthalonitrile groups is a edge-to-face type 
between phthalonitrile groups I and II [Figure 7.3.4.]. The inter-ring parameters between 
these phthalonitrile groups are as follows. 
	
Dihed. /0 	P(cent) / A 	Elev. /0 	i(xy) / A 	t(z) I A 	Orient. 10 
85.1(2) 	6.398(9) 	66.2(7) 	2.585(9) 	5.852(9) 	61.8(5) 
[4.5(7)] [6.378(9)] [0.501(9)] 
All the short intermolecular contacts involve N(3) which is sitting above the face 
of phthalonitnle group II, e.g. the shortest C ... N intermolecular contact is C(21)"N(3)(-'/2+x,Y2- 
y,'/z+z) 3.505(9) A. This is an unusual arrangement for a ir-nitrile character interaction 
between phthalonitrile groups as all previous interactions of this type have been face-to-face 
ones. This interaction is accompanied by intermolecular contacts to a methyl group, i.e. the 
shortest HN intermolecular contact is H(163)"N(3)(-Vz+x,'A-y,'/2+z) 2.971(44) A. 
The final inter-ring interaction between a pair of phthalonitrile groups is a face-to-
edge type. The interaction is between phthalomtnle groups I and II [Figure 7.3.5.], with the 
following inter-ring parameters. 
Dihed. /0 	i(cent) / A 	Elev. /0 	i(xy) / A 	i(z) / A 	Orient. /° 
68.1(2) 	6.077(9) 	21.9(7) 	5.640(9) 	2.262(9) 	-84.1(5) 
[43.9(7)] [4.377(9)] [4.216(9)] 
The 	interaction has Tc-mtrile character, i.e. the shortest C 	and C  
intermolecular contacts are C(23 H(6)(-x,1-y,1-z) 3.060(10) A and C(6) "N(23)(-x,1-y,1-z) 
3.400(10) A. However, the interaction between the planes is secondary to the short NH 
intermolecular contact between these groups, i.e. H(6)N(23)(-x,1-y,1-z) 2.622(10) A, with 
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This face-to-edge type interaction is accompanied by some intermolecular contacts 
involving the methyl group of an inner-ring, e.g. the shortest NH intermolecular contact is 
H(181)N(23X-x,1-y,1-z) 2.975(55) A. There is also one intermolecular contact to the face 
of this inner-ring, i.e. H(19)N(23)(-x,1-y,1-z) 3.069(10) A. 
There are three more short NH intermolecular contacts between phthalonitrile groups 
in this structure. The first of these short N ... H intermolecular contacts is between a pair of 
phthalonitrile group il's [Figure 7.3.6.], i.e. H(21)N(22)(-x,-y,1-z) 2.607(10)A, with CN"H 
and N--HC angles of 147.3° and 149.3 0, respectively. The inter-ring parameters between these 
phthalonitrile groups are as follows. 
Dihed. /0 	i(cent) / A 	Elev. /0 	(xy) / A 	t(z) / A 	Orient. /0 
0.0 	8.036(9) 	2.5(7) 	8.028(9) 	0.354(9) 	180.0 
The planes are almost coplanar, and there are antiparallel nitrile"nitrile 
intermolecular contacts between the nitrile groups, e.g. the shortest C ... N and N"N 
intermolecular contacts are C(22') ."N(22)(-x,-y,1-z) 3.366(11) A and N(22)N(22)(-x,-y,1-z) 
3.414(11) A. This interaction is accompanied by some intermolecular contacts involving 
methyl groups, e.g. the shortest C  and N ... H intermolecular contacts are C(23')H(123)(-x,-
y,1-z) 2.877(55) A and H(11)N(22)(-x,-y,1-z) 3.177(10) A, respectively. 
The next short N"H intermolecular contact is between a pair of phthalonitnle group 
I's [Figure 7.3.7.], i.e.H(2)"N(4)(x,-1+y,z) 2.926(9) A, with CN"H and N"HC angles of 
117.1 0  and 126.9°, respectively. The inter-ring parameters between these phthalonitrile groups 
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Dihed. /0 	?(cent) / A 	Elev. /0 	,(xy) / A 
	
r(z) / A 	Orient. 1° 
0.0 	7.577(9) 	18.1 	7.201(9) 
	
2.357(9) 	00 
There are no other close intermolecular contacts between these phthalonitrile 
groups, but there are some to the methyl groups of the inner-rings, e.g. the shortest H"H 
intermolecular contact is H(5)H(123x,-1+y,z) 2.286(43) A. 
The final short NH intermolecular contact is between a phthalonitrile group I and 
a phthalonitrile group II [Figure 7.3.8.], i.e. H(24)"N(4X-'/2+x,1'A-y,'/2+z) 2.864(10) A, with 
CN"H and N--HC angles of 119.9(7)° and 121.2(7) 0, respectively. The inter-ring parameters 
between these phthalonitrile groups are as follows. 
Dihed. /0 	(cent) / A 	Elev. /0 	i(xy) / A 	r(z) / A 	Orient. /° 
85.1(2) 	7.591(9) 	2.0(7) 	7.586(9) 	0.268(9) 	39.6(5) 
	
[14.2(7)] [7.360(9)] [1.857(9)] 
The nitrogen atoms of phthalomtrile group I are also involved in other 
intermolecular contacts with the edge of phthalonitrile group H, e.g. the shortest CN 
interaction is C(24)"N(4)(-Y2+x,1'/2-y,'A+z) 3.439(10) A. Thus there is also a ir-nitrile 
character interaction present between these phthalonitrile groups. 
The inner-rings are hindered from forming close inter-ring interactions by the methyl 
and isopropylidene groups that surround them. However, the inner-rings do pack beside one 
another in a face-to-face manner [Figures 7.3.9. (a) and (b)]. In Figure 7.3.9(a) inner-ring I 
packs in a edge-to-face [interaction 1] manner with phthalonitrile group I and face-to-face 
[interaction 2] with a symmetry equivalent of itself. The inter-ring parameters for these two 
interactions are as follows. 
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Figure 73.9. (b) 
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Interact. 	Dihed. /° r(cent)/ A 
1 	88.7(2) 5.688(9) 
2 	0.0 6.661(9) 
Elev./° r(xy)/A r(z)/A 
14.6(7) 5.503(9) 1.437(9) 
[69.0(7)] [2.036(9)] [0.370(9)] 




In interaction 1 the closest contacts between the inner-ring and phthalonitnle group 
are to the methyl substituents, e.g. the shortest HH intermolecular contact is H(6)H(82)(1 - 
x,1-y,1-z) 2.592(3 8) A. However, there is some contribution from it-a character 
intermolecular contacts between the rings, e.g. the shortest C ... H contact is C(5)H(9)(1 -x,1 - 
y,1-z) 3.182(9) A. 
In contrast, the only short intermolecular contacts in interaction 2 are between the 
methyl substituents, e.g. the shortest H  intermolecular contact is H(83)H(83)(1-x,l-y,1-z) 
2.692(5 8) A. 
Figure 7.3.9. (b) shows another face-to-face interaction between the inner-rings [both 
are inner-group I]. The inter-ring parameters between these inner-rings are as follows. 
Dihed. /0 	r(cent) / A 	Elev. /0 	r(xy) / A 	r(z) / A 	Orient. /0 
0.0 	4.798(9) 	47.0(7) 	3.271(9) 	3.510(9) 	180.0 
The shortest intermolecular contacts are to the methyl-groups of these inner-rings, 
e.g. the shortest HH contact is H(8l)"H(3B)(1-x,-y,l-z) 2.312(61) A. In contrast to 
interaction 2, there are it-it character intermolecular contacts between the ring atoms, i.e. the 
shortest contact is C(8) ... C(8)(1-x,-y,1-z) 3.534(9) A. 
In summary, the packing of LSI1 10 is different from previous structures due to the 
conformation adopted by the molecule, due to the extra degree of freedom in the 
254 
isopropylidene hinge unit in this molecule. There are no face-to-face intermolecular 
interactions between phthalonitrile groups in which the planes are parallel. There are 
however, face-to-face interactions between the inner rings in which the planes are parallel. 
This type of interaction is not common, as it has only been observed in LSI103 which has 
a planar biphenyl group and so a larger van der Waals surface for such an interaction. 
Edge-to-face type interactions between pairs of phthalonitrile groups which have not 
been previously seen, as well as the more common edge-to-face interactions between 
phthalomtrile and hydroquinone groups, are present in this structure. Thus in this structure 
the isopropylidene hinge unit does not hinder inter-ring intermolecular interactions. However, 
the conformation adopted means that the phthalonitnle groups are not parallel which prevents 
the molecules from packing in sheets, as in LS1244. There are as usual numerous short NH 
intermolecular contacts to aromatic hydrogen atoms. 
7.4. Molecular Geometiy and Crystal Packing of LS1338 
Molecular structure.- Figure 7.4.1. is a thermal ellipsoid plot of LS1338. This is a 
room temperature structure, which is reflected in the large anisotropic thermal parameters for 
the non-hydrogen atoms. The thermal parameters of the tertiary-butyl and butylidene groups 
are especially large, due to the large number of rotational degrees of freedom. There is also 
the possibility of unresolved disorder in the butylidene hinge. The phthalonitrile groups and 












C(221 	 0' C(11') ' 
	
C(41 
17 N122) NO 
(41 
Nt4) 
LS1338 has two different ether linkages and one hinge unit. The conformation about 
the first ether linkage, i.e. 0(1), is such that the phthalonitrile ring is approximately coplanar 
to the ether plane, and the inner-ring is approximately perpendicular with the ether plane. 
The dihedral angles between these planes are as follows. 
Ether plane 
C(1), 0(1) and C(7) 
Phthalonitrile plane 
C(1) to C(6) 
Phthalonitrile plane 
C(1) to C(6) 
17.8(5)° 
Inner-ring I plane 
C(7) to C(12) 
69.1(4) 
79.4(2)° 
Thus the molecule adopts a distorted skewed conformation about the first ether linkage. 
The distortion of the conformation away from an ideal skewed one is similar to that 
observed for the tetranitriles based on hydroquinones and resorcinols with tertiary-butyl 
groups in one of the positions ortho to the ether linkage. 
The variations of the CCO bond angle with the CCOC torsion angles about this 
ether linkage are shown below. 
Torsion angle 10 Bond angle /0 
C(2)C(1)0(1)C(7) 163.3(4) C(2)C(1 )O(1) 116.4(5) 
C(8)C(7)0(1)C(1) 112.6(5) C(8)C(7)0(1) 119.5(5) 
C(12)C(7)0(1 )C(1) -70.6(6) C(12)C(7)0(1) 117.5(5) 
C(6)C(1)0(1)C(7) -18.9(7) C(6)C(1 )0(1) 123.5(5) 
The angles at C(7) are affected by stenc interactions between the tertiary-butyl and 
phthalonitrile groups as well as the between the phthalonitrile group and inner-ring. 
The conformation about the hinge unit, i.e. C(13), is such that the inner-ring I is half 
way between coplanar and perpendicular to the hinge plane, and inner-ring II is 
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approximately perpendicular to the binge plane. The dihedral angles between these planes are 
as follows. 
Inner-ring I plane 	Inner-ring II plane 
C(7) to C(12) 	C(14) to C(19) 
Hinge plane 	 51.5(3)° 	 79.5(3)0 
C(IO), C(13) and C(14) 
Inner-ring I plane 	 82.9(2)° 
C(7) to C(12) 
Thus the molecule adopts a half-butterfly conformation about the hinge unit. The variation 
of the CCC(13) bond angles with the torsion angles about the binge unit is given below. 
Torsion angle /0 Bond angle /0 
C(1 1)C(10)C(13)C(14) 128.0(5) C(II)C(I0)C(13) 122.5(4) 
C(15)C(14)C(13)C(10) 100.3(5) C(1 5)C(14)C(13) 121.1(4) 
C(19)C(14)C(13)C(10) -78.6(5) C(1 9)C(14)C(13) 120.5(4) 
C(9)C(10)C(13)C(14) -51.0(6) C(9)C(10)C(1 3) 118.2(4) 
The bond-angles at C(14) are equivalent as they are within 2 esds. In contrast, the 
angles at C(10) are noticeably different, due to the differences in steric interactions as the 
CCCC torsion angles approach 00  and 180°. 
The conformation about the second ether linkage, i.e. 0(2), is such that the 
phthalonitrile ring is approximately coplanar to the ether plane, and the inner-ring is half way 
between perpendicular and coplanar with the ether plane. The dihedral angles between these 
planes are as follows. 
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Ether plane 
C(17), 0(2) and C(20) 
Phthalonitrile plane 
C(20) to C(25) 
Phthalonitrile plane 
C(20) to C(25) 
26.7(5)° 
Inner-ring II plane 
C(14) to C(19) 
53 .0(4)° 
70. 1(2)° 
Thus the molecule adopts a distorted half-coplanar conformation about the second ether 
linkage. The variation of the CCO bond angles with conformation about the ether linkage 
is similar to that observed for the first ether linkage. 
Torsion angle /0 Bond angle 
/0 
C(25)C(20)0(1)C(17) 154.2(5) C(25)C(20)0( 1) 116.4(4) 
C(16)C(17)0(1)C(20) 130.1(5) C(16)C(17)0(1) 119.3(4) 
C(1 8)C(17)0(l)C(20) -55.2(6) C(18)C(17)0(1) 118.4(5) 
C(21)C(20)0(1)C(17) -28.1(7) C(21)C(20)0(1) 122.8(4) 
The meta-nitrile group of the phthalonitrile groups I and II are in the trans 
[N(3)C(3)0(1)C(7) = 158.7(5)° and cis [N(22)C(22)0(2)C(17) = -22.0(5)°J positions, 
respectively. Phthalomtrile group I and inner-ring H are gauche across inner-ring I 
[C(1)0(1)C(13)C(14) = 60.7(4)°], whereas phthalonitrile group II and inner-ring I are trans 
across inner-ring II [C(20)0(2)C(13)C(10) = -130.6(4) 0]. Thus the phthalomtrile rings are 
gauche across the inner-rings [C(1)0(1)0(2)C(20) = -52.7(5)°]. 
Crystal packing.- LS1338 packs in sheets parallel to the (102) planes [Figures 7.4.2. 
(a) and (b)], and this packing scheme has similarities with the sheets of molecules observed 
in previous tetranitriles, such as LS1244. Thus the strongest reflection is 102 [F, = 255.7, F 
= 253.0, a = 0.41. 
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Figuie 7.41. (a) Packing diagram of LS1338 viewed normal to (010) 
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Figum 7.42. (b) Packing diagram of LS1338 viewed normal to (102) 
OTOIN 
Phthalomtrile group I is approximately parallel to (102) and inner-ring I is 
approximately perpendicular with (102). In contrast, both phthalonitrile group II and inner-
ring II are approximately half way between parallel and perpendicular to (102). The dihedral 
angles between these planes are given below. 
(102) (010) 
Phth. group I plane 10.1(5)° 88.5(5)° 
C(1) to C(6) 
Inner-ring I plane 81.0(5)° 20.6(5)0 
C(7) to C(12) 
Inner-ring II plane 43.2(5)0 76.9(5)° 
C(14) to C(19) 
Phth. group II plane 68.9(5) 0 54.4(5)° 
C(20) to C(25) 
All of the following important intermolecular interactions are between molecules 
in the sheets of molecules parallel to (102). 
Both of the phthalonitrile groups are involved in face-to-face interactions with a 
symmetry equivalent phthalonitrile group [Figures 7.4.3. (a) and (b)}. The inter-ring 
parameters are given below. 
Interact. 	Dihed. /0 	i(cent)/ A Elev. /0 i(xy) / A r(z) / A 	Orient. 10 
1 	0.0 	5.133(9) 43.7(6) 3.712(9) 3.545(9) 	180.0 
2 	0.0 	4.768(9) 46.7(6) 3.268(9) 3.472(9) 	180.0 
Interaction 1 is between a pair of phthalonitrile group I's. The interaction has it-
nitrile character, as it only has CC and C 	intermolecular contacts, e.g. the shortest 
and C 	intermolecular contacts are C(3)"C(3')(1-x,-y,1-z) 3.612(8) A and C(1)"N(3)(1-x,- 
y,l-z) 3.706(8) A respectively. 
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Figun 7.4.3. (a) 
Figun 7.4.3. (b) 
1] 
Interaction 1 is accompanied by a short N 	intermolecular contact, i.e. 
H(12)"N(3)(1-x,-y,1-z) 2.975(8) A, with CNH and N ... HC angles of 132.8(4)° and 154.6(4)°, 
respectively. The inter-ring parameters between the phthalomtrile and inner-rings involved 
in this N ... H contact are as follows. 
Dihed. /0 	F(cent) / A 	Elev. /0 	(xy) I A 	r(z) / A 	Orient. 1° 
79.4(5) 	8.435(9) 	5.6(6) 	8.395(9) 	0.821(9) 	-96.1(5) 
	
[19.1(6)] [7.971(9)] [2.760(9)] 
Interaction 2 is between a pair of phthalonitrile group ITs. It is also a ir-nitrile 
character interactions, with C  and C ... N intermolecular contacts only, e.g. the shortest CC 
and CN intermolecular contacts are C(23)C(23X-1-x,-y,1-z) 3.580(6) A and C(20)"N(23)(-
1-x,-y,1-z) 3.796(7) A, respectively. In contrast to interaction 1, interaction 2 is accompanied 
by intermolecular contacts from the nitrile group to a tertiary-butyl group, e.g. the shortest 
N  intermolecular contact is H(16E) ... N(23)(-1-x,-y,1-z) 2.734(19) A. 
The only other inter-ring intermolecular interaction in this structure is an edge-to-face 
interaction. However, the majority of contacts are between a nitrogen atom and a nitrile 
group [Figure 7.4.4.], e.g. the shortest N"H, N"C and NN intermolecular distances are 
N(4)"H(21 )(-x,-'/2+y,'/2-z) 3.129(7) A, N(4) - --C(22')(-x,- 1/2+y, 1/2-z) 3.319(8) A and N(4)N(22)(- 
x,-'/2+y,'A-z) 3.497(7) A. The inter-ring parameters between these phthalonitrile groups are 
as follows. 
Dihed /0 	?(cent) / A 	Elev. /0 	,(xy) / A 
	
Orient. 1° 
62.2(5) 	7.663(9) 	30.5(6) 	6.604(9) 
	
3.887(9) 	-0.1(5) 










There is another significant intermolecular interaction between the two molecules 
in Figure 7.4.4. A short N"H intermolecular contact to an aromatic hydrogen atom is present 
between the other two phthalonitrile groups, i.e. H(2)N(23)(-x,Y2+y,'A-z) 2.53 1(7) A, with 
CNH and NHC angles of 113.9(4)' and 156.9(4)0, respectively. The inter-ring parameters 
betweerf these phthalonitrile groups are as follows. 
Dihed /0 	?(cent) / A 	Elev. /0 	r(xy) / A 
	
Orient. /0 




[39.1(6)] [5.268(9)] [4.276(9)] 
Another short N"H intermolecular contact to an aromatic hydrogen atom is 
present between a pair of phthalonitrile rings [Figure 7.4.5.], i.e. H(24)N(4)(-x,-'/2+y,'A-z) 
2.749(8) A, with CNH and N"HC angles of 140.5(4)° and 141.8(4)°, respectively. The inter-
ring parameters between these phthalonitrile groups are as follows. 
Dihed /0 	?(cent) / A 	Elev. /0 	i(xy) / A 	i(z) I A 	Orient. 1° 
62.2(5) 	8.388(9) 	2.8(6) 	8.378(9) 	0.415(9) 	-64.7(5) 
[14.2(6)] [8.133(9)] [2.053(9)] 
The sheets are staggered with respect to one another, so as to increase the packing 
efficiency. However, all of the intermolecular contacts between the sheets involve the methyl, 
tertiary-butyl and butylidene hinge groups [no figure supplied]. The shortest H  contact 
between the sheets is H(81A)"H(19C)(x,'A-y,'/2+z) 2.426(34) A. There are also intermolecular 
contacts to the nitrogen atoms of phthalonitrile group II which are perpendicular to the 
sheets, e.g. the shortest N"H intermolecular distance is H(16C)N(22)(x,'/2-y,'/2+z) 2.807(18) 
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In summary, the packing ofLSI338 shows some of the features of previous structures 
by packing in sheets with face-to-face intermolecular interactions between the phthalomtrile 
groups and short NH intermolecular interactions being the most prominent interactions. 
However, due to the conformation adopted by the molecule, the phthalonitrile groups are not 
parallel. Thus the phthalonitrile groups cannot form columns in the sheets, as in LS1244. 
The sheets are staggered with respect to one another. However, the only significant 
intermolecular interactions between the sheets involve the hydrogen atoms of the methyl, 
tertiary-butyl and butylidene groups. This is presumably due to the number and size of 
substituents on LS1338 which hinder stronger interactions. 
7.5. Discussion 
Structures of biphenyls.- The conformations of the tetranitriles based on biphenyls 
are compared in Table 7.5.1. These tetranitriles all adopt distorted skewed conformations, 
with the phthalonitrile plane approximately to coplanar with the ether plane, and the biphenyl 
plane approximately perpendicular to the ether plane. 
The biphenyl groups of LSI103 and LE0023 are close to planar. When the biphenyl 
groups are planar they provide a large van der Waals surface for intermolecular interactions 
and the conjugation between the rings is at a maximum. However, the intramolecular strain 
due to short H  contacts is also at a maximum. Thus the balance between these forces 
favours a planar conformation in LSI103 and LE0023. 
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Table 7.5.1. Comparison of conformations (°) adopted by tetranitriles based on biphenyls 
LSI103 LE0023 A LE0023 B 
CO-10C 180.0 119.1(4) 54.6(3) 
NCOC -155.9(7) 6.1(3) -0.4(3) 
Phth / ether 14.7(6) 3.9(4) 5.5(4) 
Biph / ether 65.7(5) 70.8(2) 61.6(2) 
Phth / biph 73.4(2) 74.2(1) 65.9(1) 
Biph ring I / ring II 0.0 21.3(1) 5.4(1) 
COOC torsion angle between phthalonitnle C-O bonds 
NC"OC torsion angle between meta nitrite group and biphenyl C-O bond 
Phth / ether dihedral angle between phthalonitrile and ether planes 
Biph / ether dihedral angle between biphenyl and ether planes 
Phth / biph dihedral angle between phthalomtnle and biphenyl planes 
Biph ring I / ring II dihedral angle between the two rings of the biphenyl group 
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Structures of hinged tetranitriles.- The conformations of the tetranitriles with hinge 
units are compared in Table 7.5.2. LSI110 and LS1338 exhibit a range of conformations 
about the ether linkages from an almost ideal skewed conformation to a distorted half-planar 
conformation. In contrast to the conformations about their ether linkages, the hinge units both 
adopt a distorted half-half conformation. This is presumably due to the steric interactions 
about the hinge units. 
The crystal packing scheme adopted by LSI1 10 is unique to this study. However, 
there are numerous inter-ring intermolecular interactions in LSI1 10, including face-to-face 
intermolecular interactions between the inner-rings. In contrast, LS1338 packs in sheets as in 
LS1244, but the hinge unit and bulky substituents of LS1338 hinder the formation of inter-
ring intermolecular interactions, so that the only significant ones present are face-to-face type 
interactions between phthalonitrile groups. Thus the extra conformational degree of freedom 
provided by the hinges only hinders inter-ring interactions in combination with bulky 
substituents. 
Structures of tetranitnies in chapter 7.- The phthalonitrile groups of the molecules 
discussed in this chapter are too far apart to have any major intramolecular effect on the 
conformation they adopt with respect to one another across the biphenyl group. The meta 
nitrile groups of these molecules are in a variety of positions, thus the positions of the mtnle 
groups in larger molecules is not as important as in the smaller tetranitriles. 
Of the tetranitriles discussed in this chapter only LSII03 and LS1338 pack in distinct 
sheets of molecules as in LS1244. However, in LS1338 there is only one face-to-face 
intermolecular interaction between phthalomtrile groups that is perpendicular to the sheets. 
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Table 7.5.2. Comparison of conformations (°) adopted by tetranitriles with hinge units 
LSI11O LS1338 
NC"OC Phth 1 -69.0(5) 158.7(5) 
NC"OC Phth 2 18.7(7) -22.0(5) 
Phth 1 / ether 8.6(6) 17.8(5) 
Inner 1 / ether 87.4(5) 69.1(4) 
Phth 1 / inner 1 88.7(2) 79.4(2) 
Inner 1/hinge 41.1(4) 51.5(3) 
Inner 2 / hinge 49.5(5) 79.5(3) 
Inner 1 / inner 2 76.4(2) 82.9(2) 
Phth 2 / ether 13.7(9) 26.7(5) 
Inner 2 / ether 85.3(5) 53.0(4) 
Phth 2 / inner 2 86.8(2) 70.1(2) 
NC"OC torsion angle between meta nitrile group and inner group C-O bond 
Phth / ether dihedral angle between phthalonitrile and ether planes 
Inner / ether dihedral angle between inner and ether planes 
Phth / inner dihedral angle between phthalonitrile and inner ring planes 
Inner/ hinge dihedral angle between inner ring and hinge planes 
Inner ring I / ring H dihedral angle between the two inner rings 
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The sheets in both LSI103 and LS1338 are staggered with respect to one another. 
However, the range of intermolecular interactions found between the sheets in these 
structures is limited due to their size. There are only edge-to-face interactions between the 
phthalonitrile and inner rings in LSI103, and there are no inter-ring intermolecular 
interactions in LS1338 as it has too many bulky substituents hindering such interactions. Thus 
by increasing the size of the tetranitriles by just one aromatic ring the crystal packing 
schemes adopted by these molecules are more complex, and only have superficial similarities 
with those of the simpler tetranitriles. 
The planar biphenyl groups of LSI103 and LE0023 provide a large van der Waals 
surface for face-to-face intermolecular interactions. Face-to-face intermolecular interactions 
were not seen for any of the simpler tetranitriles based on hydroquinones and resorcinol. This 
is presumably due to the phthalonitrile groups which are invariably perpendicular to the plane 
of the inner rings, hindering the close approach of other rings face-on to the inner-ring. Thus 
the only intermolecular interactions to the faces of the inner-rings of the simpler tetranitnles 
were from the edges of rings. In LSI1 03 there are face-to-face interactions between a pair 
of biphenyl rings. Thus the phthalomtnle groups do not prevent intermolecular interactions 
to all of the face of the biphenyl group. However, in LE0023 the tertiary butyl groups also 
hinder intermolecular interactions to the face of the biphenyl group, as there is only one 
interaction of this type involving a phthalonitrile group. 
7.6. Conclusions 
The tetranitriles discussed in chapters 6 and 7 adopt a wide range of conformations 
about their ether linkages [see Tables 6.7.1., 7.5.1. and 7.5.2.]. However, one feature common 
to all of the tetranitriles is that the phthalonitrile and inner-ring planes are always 
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approximately perpendicular to one another. This conform ation is adopted as it presumably 
minimizes intramolecular steric interactions between the phenyl rings. The actual range of 
dihedral angles between the phthalonitrile and inner-ring planes is from 60.3(2) 0 form olecule 
B of LS1055 to 88.9(3)0 for the C21c structure of LSI117 [Table 7.6.1.], with a mean value 
for all of the tetranitriles of 75.4(9)0 . 
Generally it was found that as the CCOC torsion angle goes from trans [±18001 to 
cis [00] the CCO bond angle increases, due to an increase in intramolecular steric interactions 
between the phenyl rings. A search of the Cambridge Structural Database [Allen eta!, 1979, 
1983] was made for diphenyl ethers, omitting any matches to the search fragment that would 
significantly affect the geometry about the ether linkage such as coordination complexes, 
fused ring systems, cyclic molecules or charged species. A total of 126 acceptable matches 
to the search fragment were found [references given in Appendix III]. A scatter plot of the 
CCO bond angle against the CCOC torsion angle is given in Figure 7.6. [open circles 
represent the Cam brige Structural Database fragments, and solid squares represent the 
tetranitriles]. The plot is an inverted v-shape which looks symmetrical about CCOC = 0 0 , 
with a distinct maxima of the CCO bond angle when CCOC 0°. Thus Figure 7.6. shows 
that for a wide range of diphenyl ethers the CCO bond angle varies with CCOC torsion angle 
in a similar manner to that observed for the tetranitriles. 
The mean COC bond angle [sample standard deviation in parentheses] for the 
diphenyl ether groups found in the database is 118.9(21) 0 . The COC bond angles for the 
tetranitriles are all within one sample standard deviation of the mean, as the smallest angle 
is 116.9(4)° for LS1338 and the largest is 121.2(4)° for LSI015. For those tetranitrile 
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Table 7.6.1. Dihedral angles (°) between phthalonitrile and inner-ring planes and COC 
bond angles (°) for tetranitriles 
Tetranithie 	 COC bond angle 10 
LS1244 118.8(6) 
LSIO41 120.1(4) 
LS1055 A 119.9(4) 
LS1055 B 119.9(5) 
LSI117 C21c 118.4(9) 
LSI117 P2 11n 119.5(9) 
120.8(9) 
LSI103 118.8(6) 
LE0023 A 119.0(2) 





















for the ether linkage with the smallest dihedral angle between the phthalonitrile and inner-
ring planes due to increased steric interactions between the rings and increased conjugation 
from the rings to the oxygen atom [Table 7.6.1.]. However, there is no trend across the range 
of tetranitriles. 
There are four main types of intermolecular interactions present in the crystal 
structures of the tetranitriles: face-to-face and edge-to-face type inter-ring interactions, 
antiparallel nitrilenitrile contacts and short NH intermolecular contacts [especially to 
aromatic hydrogen atoms]. Nearly all of the face-to-face intermolecular interactions are 
between a pair of phthalonitrile groups as they are the terminal groups of the molecule and 
so their faces are more accessible than those of the inner rings. The only inner rings that are 
involved in face-to-face type interaction are biphenyls. This is because the inner-rings 
generally have substituents [e.g. phthalonitrile groups] which hinder the face-to-face 
interactions, and so only the large van der Waals surfaces of planar biphenyl groups are 
accessible to this type of interaction. 
The majority of face-to-face intermolecular interactions between phthalomtrile groups 
have a dihedral angle of 0.00  with the phthalonitrile groups pointing in opposite directions 
[i.e. orientation angle of 180.00].  This enables the greatest possible overlap between the van 
der Waals surfaces of the phthalonitrile groups, and allows for the possibility of N  contacts 
to the inner-rings. The perpendicular distance i(z) between the planes is in the narrow range 
3.440(5) A to 3.703(9) A which is of the order of an attractive van der Waals interaction 
between the phthalonitrile groups. In contrast, the projected distance i(xy) between the 
centres of the rings has a wide range from 1.164(3) A to 5.537(9) A, with a mean value of 
3.149(45) A. The mean i(xy) corresponds to most common interaction which is a ir-nitrile 
type. The ir-nitrile type interaction has intermolecular contacts between the ring carbon atoms 
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and the nitrile atoms which is an electrostatically favourable interaction. The nitrile group is 
electron-withdrawing and so will be electronegative relative to the it-cloud of the aromatic 
carbon atoms. 
The majority of edge-to-face intermolecular interactions occur between the 
phthalonitrile and inner-rings, with a range of dihedral angles between the planes from 
68.7(1)° to 88.9(8)°. The range of distances between the centres of the rings !(cent) is 
4.812(6) A to 6.785(9) A, with a mean value of 5.952(40) A. The close intermolecular 
contacts in these interactions are generally between the aromatic hydrogen atoms of the 
phthalomtrile groups and the ring carbon atoms of the inner-rings. Thus there is a favourable 
electrostatic it-CT type interaction present as the cr-orbital of the aromatic hydrogen atoms 
have a small electropositive charge relative to the it-cloud of the aromatic carbon atoms. 
Anti-parallel nitrile"nitrile contacts, are due to electrostatic interactions between the 
nitrile groups, as the nitrogen atom is electronegative relative to the carbon atom. In the 
structures that pack in sheets, antiparallel nitrilenitrile contacts are found between the sheets 
of LS1244 and LSI041, as the phthalonitrile groups are perpendicular to the sheets. 
Antiparallel nitrile"uiitrile contacts are also present in LSI11O and both structures of LSI117. 
The antiparallel interactions in LSI1I7 are slightly different from the others. The 
perpendicular distances between the phthalonitrile groups involved in the interactions in 
LSI1 17 are approaching the optimum van der Waals distance for face-to-face ring stacking 
[i.e. r(z) C21c = 3.321(18) A and P21 1n - 2.899(16) Aj. In contrast, the maximum t(z) 
observed in the other structures for this type of interaction is 2.348(3) A for LS1244. Thus 
antiparallel interactions can be either edge-to-edge or face-to-face type, with the strongest 
interactions between the carbon and nitrogen atoms [e.g. the shortest C  contact in LS1244 
is 3.264(2) A]. 
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There are numerous N"H intermolecular contacts to aromatic hydrogen atoms that 
are shorter than the sum of the van der Waals radii of nitrogen and hydrogen = 2.7 A 
[Pauling, 1960] [Table 7.6.2.]. This interaction is presumably electrostatically favourable as 
the nitrile group is electron-withdrawing, and so the nitrogen atom will act as a proton 
acceptor. There is a wide range of CN"H, NHC and dihedral angles between the phenyl 
rings involved, which indicates that the interaction is not directional. 
The importance of the inter-ring interactions observed in the crystal packing of the 
tetraxutriles suggests that similar interactions in the structures of the polymers will be 
important in determining how well the polymer molecules pack together. However, the 
interactions involving the nitrile groups, such as antiparallel nitrile"nitrile contacts and short 
NH contacts are obviously not present in the polymers. Thus the packing of the tetranitriles 
can only be used to indicate the type of interactions that might be important in the polymers. 
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Table 7.6.2. NH intermolecular contacts < 2.7 A in the tetranitriles 
N ... H IA CN ... H /0 N"HC /0 Dihed. /0 
LSI103 2.530(2) 125.8(1) 157.2(1) 71.5(3) 
2.530(2) 161.2(1) 160.2(1) 40.0(3) 
2.550(2) 133.2(1) 145.8(1) 0.0 
2.699(2) 98.5(1) 159.7(1) 71.5(3) 
LS1041 2.540(7) 114.0(5) 160.2(5) 78.9(3) 
2.570(7) 144.3(5) 144.9(5) 23.7(3) 
LS1055 2.573(9) 105.0(5) 130.1(5) 17.5(6) 
2.697(9) 114.3(5) 157.8(5) 15.1(6) 
LS1015 2.635(6) 134.9(3) 123.8(3) 74.0(1) 
LSI117 C21c 2.608(19) 136.0(10) 136.7(10) 0.0 
LSI117 P21 1n 2.538(15) 133.0(8) 135.3(8) 0.0 
2.616(15) 112.1(8) 126.8(8) 66.8(15) 
2.673(15) 129.4(8) 130.2(8) 0.0 
LE0023 2.656(4) 121.4(4) 141.8(4) 52.1(2) 
LSI11O 2.607(10) 147.3(7) 149.3(7) 0.0 
2.622(10) 101.3(7) 141.5(7) 68.1(2) 
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CHAPTER 8 
Holes Within Tetranitrile Crystal Structures 
In 1926 Goldschimdt showed that simple inorganic salts were as a result of the 
packing together of spherical ions, the radius of these spheres being characteristic of the 
elements involved [Evans, 1964]. When spheres are packed together there are obviously voids 
in the structure. Thus all crystal structures contain voids in which there are no atoms present. 
The voids in the tetranitriles are defined as holes if the distance to the nearest van der Waals 
surface is greater than 1.25 A [see section 4.4.]. The object of this study was to investigate 
the possibility of a relationship between gas permeability of the poly(ether imides) and the 
crystal structures of the tetranitrile polymer precursors. 
The gas peim eabiity of the tetranitriles is a direct result of pores within the polymer 
structure. Pores are packing defects between the polymer chains. It follows that the boundary 
of the pores must be formed by close intermolecular contacts between polymer chains, and 
these close contacts are more likely to be favourable interactions [Lee, 1989]. Thus when 
investigating the position of holes in the tetranitriles it is important to consider the nearby 
inteim olecular interactions. 
The magnitude of the gas permeability of the polymers depends on the number of 
pores suitable for gas diffusion, and their selectivity depends on the distribution of pore sizes. 
Thus the number and sizes of holes found in the tetranitriles are compared to see if any 
trends arise, which can be related to the trends observed by Eastmond et al in the gas 
permeability data [Eastmond et a!, 1992, 1994]. 
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The following holes [labelled X] with radii greater than 1.25 A to the nearest van der 
Waals surface were found in the crystal structures of the tetranitriles using the hole-finding 
program HOLE described in chapter 4. The positions of the holes in the crystal structures 
were related to the nearby intermolecular interactions which have been described in the 
crystal packing sections of the previous two chapters. Note that in the following sections the 
molecules are labelled with the same numbers that appear in the figures i.e. #1, #2, #3 etc. 
8.1. LS1244 
Only one hole [X(1)] was found in this structure with the following coordinates 
(0.4067,0.3647,0.2929). Figure 8.1. is a plot of the molecules on the boundary of the hole 
and the nearest symmetry related hole, viewed approximately normal to (010). The nearest 
neighbouring atoms to the centre of the hole are given in Table 8.1. 
The hole is located between the sheets of molecules parallel to (202). The centre of 
the hole lies above the plane of two hydroquinone groups related by a unit cell translation 
in the b-axis direction. Both of these molecules [molecules 91 and #2 in Figure 8. 1.] are in 
the same sheet, which is designated as the first sheet. The nearest neighbours from these 
molecules to the centre of the hole are H(8) at 2.36(2) A and H(9) at 2.36(2) A respectively. 
There is also a symmetry related hole the other side of the plane formed by the two 
hydroquinone groups. The distance between the centres of these symmetry related holes is 
X(1)"X(1)(1-x,y,'/2-z) 3.018(2) A. Thus the symmetry related holes do not overlap. 
A pair of nitrile groups [molecules #3 and #4 in Figure 8.1.] from the first sheet are 
also on the boundary of the hole. The nearest neighbours from these nitrile groups to the 
centre of the hole are N(3) at 2.854(2) A and N(4) at 2.902(2) A respectively. 
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Figun 8.1. LS1244 
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Table 8.1. LS1244 




















than 4.0 A 
X(1)N(3)(%-x,'/2+y,Y2-z) 	2.854(2) 
X(1)"N(4)(V2+x,'A+y,z) 	2.902(2) 
X(1)"N(3)(xy,z) 	 3.579(2) 















The phthalonitrile groups of molecules 43 and #4 are sandwiched between the 
phthalomtrile groups of molecules 41 and 92. These face-to-face inter-ring interactions 
between phthalonitrile groups are shown in Figures 6.2.3. (a) and (b). 
The remaining boundary of the hole is formed by edges of a pair of phthalonitrile 
groups [molecule #5, the other molecule is omitted from Figure 8.1.] in the second sheet, 
which is adjacent to the first adjacent sheet. These two phthalomtrile groups are involved in 
a face-to-face inter-ring interaction with one another [see Figure 6.2.3. (b)]. 
The nearest neighbour from phthalonitrile group of molecule 95 to the centre of the 
hole is H(S) at 2.39(2) A. The phthalonitrile group of molecule #5 is involved in edge-to-face 
inter-ring interaction with the hydroquinone ring of molecule 91 [see Figure 6.2.5]. In 
contrast, the phthalonitrile group of the unlabelled molecule in this sheet is involved in edge-
to-face and edge-to-edge inter-ring interactions with the hydroquinone ring of molecule #2 
[see Figure 6.2.4]. The nearest neighbour from this phthalonitrile group to the centre of the 
hole is H(2) at 3.49(2) A [this molecule is omitted from Figure 8.1. as it is furthest from the 
hole] 
The molecules in the sheets parallel to (202) are packed closely together due to the 
phthalomtrile groups stacking on top of one another and the short N  intermolecular 
contacts to the aromatic hydrogen atoms of the hydroquinone groups. Hence there are no 
holes through the sheets. 
The sheets are packed in a staggered manner with respect to one another so that the 
phthalonitrile groups which are approximately perpendicular to the sheets pack nearest to the 
hydroquinone groups which are approximately parallel to the sheets. This increases the 
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packing efficiency compared to the phthalonitrile groups packing beside phthalonitrile groups 
in adjacent sheets which would create large holes in the crystal structure. 
A hole is however, found in the structure between these sheets, as the edge-to-face 
intermolecular interactions between the phthalomtrile and hydroquinone groups do not cover 
the whole face of the hydroquinone groups. This leaves room for a hole in the structure near 
the faces of the hydroquinone groups. 
8.2. LSI041 
There are two holes [X(1) and X(2)] in LSI041. The centre of the hole X(1) lies on 
an inversion centre at the coordinates (%,14,¼).  Figure 8.2.1. is a plot of the molecules on 
the boundary of the hole X(1) viewed approximately normal to (202). The nearest neighbours 
to X(1) are given in Table 8.2.1. 
The centre of hole X(1) lies on an inversion centre, thus the nearest neighbours to 
the centre of the hole X(1) occur in symmetry related pairs about this inversion centre. The 
hole X(1) is located in the sheets of molecules parallel to (202). The hole is sandwiched 
between the faces of two phthalomtrile groups of two different molecules in the same sheet 
[molecules #1 and #2 in Figure 8.2.1.]. A tertiary-butyl group from each of these two 
molecules make the other edges of the hole through the sheet. 
The only intermolecular interactions between molecules #1 and #2 are intermolecular 
contacts between the tertiary-butyl and nitrile groups [see Figure 6.3.4.]. The radius of the 
hole is largest between the two phthalonitrile groups, as the nearest neighbouring atom of the 
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2) 
Figun 8.2.1. LSI041 hole X(1) 
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Table 8.2.1. LSI041 hole X(1) 
X-C distances less than 4.0 A 
X(1)"C(91X1-x,-y,-z) 2.724(8) 
X(1) ... C(91X',4±x,'/2+y,V2+z) 2.724(8) 
X(1) ... C(93)('/2+x,-y,z) 3.418(8) 
X(1) ... C(93)(1-x,Y2+y,'/z-z) 3.418(8) 
X(1)C(1)(xy,z) 3.661(7) 
X(1 )"C(1 )(I '/2-X,/2-y,'/2-Z) 3.661(7) 










X-H distances less than 3.5 A 
X(1)H(91A)(1-x,-y,-z) 2.26(2) 









X(1) ... H(93B)( 1/2+x,-y,z) 3.32(2) 
X(l) ... H(93B)( 1 -x,%+y,'A-z) 3.32(2) 
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phthalonitrile groups to the centre of the hole is C(1) at 3.661(7) A. In contrast, the hole is 
quite narrow between the tertiary-butyl groups, as the nearest neighbouring atom of the 
tertiary-butyl groups to the centre of the hole is H(91A) at only 2.26(2) A. 
The hole is closed off on either side of the sheet by a tertiary-butyl group from a 
molecule in the adjacent sheets [molecule #3, the other molecule which is related to molecule 
#3 by the inversion centre at the centre of the hole is omitted from Figure 8.2.1.]. The nearest 
neighbour from these tertiary-butyl groups to the centre of the hole is H(93C) at 3.078(23) 
A. These molecules are involved in a number of intermolecular interactions with the 
molecules in the first sheet, as they are in equivalent positions the interactions to molecule 
#3 are described. Molecule #3 is involved in edge-to-face and edge-to-edge inter-ring 
interactions with the molecule 92 [see Figure 6.3.5.], as well as contacts to molecule 91 
between their respective tertiary-butyl groups [see Figure 6.3.6.1. 
In LS1244 the phthalonitrile groups form columns that extend throughout the sheets, 
so that there are no holes in the sheets. However, the phthalonitrile groups of LSI041 are 
prevented from forming columns due to intramolecular contacts between the nitrile and 
tertiary-butyl groups in the sheets. Thus holes are formed between the faces of the 
phthalomtrile groups that are not involved in a face-to-face type interactions. This is however, 
still a favourable packing scheme even though it allows holes in the sheets, as the tertiary-
butyl groups of adjacent sheets are positioned over the ends of the hole to plug the hole and 
minimise this flaw in the packing scheme. 
The centre of the hole X(2) is at the coordinates (0.9756,0.1447,0.223 8). Figure 8.2.2. 
is a plot of the molecules on the boundary of the hole X(2) viewed normal to (010). The 




Figure 8.2.2. LSI041 hole X(2) 
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Table 8.21. LSI041 hole 2 
X-C distances less than 4.0 A 
X(2)"C(3')(xy,z) 3.091(8) 












X-N distances less than 4.0 A 
X(2)"N(3)(xy,z) 2.816(8) 
X(2)"N(3)(2 -x,'A+y,'/2-z) 2.889(8) 









The hole X(2) is in between two adjacent sheets of molecules parallel to (202). X(2) 
is 3.944(7) A away from X(1). Thus the holes do not overlap. The nearest neighbours from 
the first sheet to the centre of the hole comprise of a pair of phthalonitrile groups [molecules 
#1 and #2 in Figure 8.2.2.]. These phthalonitrile groups axe involved in a face-to-face 
intermolecular interaction [see Figure 6.3.3.1. A tertiary-butyl group from molecule #1 is also 
on the boundary of the hole. The nearest neighbours from the two phthalonitrile groups to 
the centre of the hole are H(6) at 2.32(2) A and N(3) 2.889(8) A respectively, and the nearest 
neighbour from the tertiary-butyl group is H(93C) 2.32(2) A. 
The sheets are staggered with respect to one another and so the boundary of the hole 
from the second sheet is different. The nearest neighbours to the hole in the second sheet are 
a nitrile group [molecule #3 in Figure 8.2.2.1 and a tertiary-butyl group [molecule #4 in 
Figure 8.2.2.]. The nearest neighbours from the nitrile and tertiary-butyl groups of the two 
molecules in the second sheet to the centre of the hole are N(3) at 2.816(8) A and H(91C) 
at 2.41(2) A respectively. 
There are a number of intermolecular contacts between the phthalonitrile of molecule 
#3 and the tertiary-butyl group of molecule #4 [see Figure 6.3.4.]. Molecule #3 also has a 
number of intermolecular contacts to the tertiary-butyl group of molecule #1 [see Figure 
6.3.6]. In contrast, the phthalonitrile and hydroquinone rings of molecule #4 are involved in 
edge-to-edge and edge-to-face inter-ring interactions with those of molecule #2 [see Figure 
6.3.5.]. 
The sheets in LSI041 are staggered with respect to one another to increase the 
packing efficiency. However, there is only one edge-to-face and one edge-to-edge 
intermolecular interaction between molecules in adjacent sheets. The majority of 
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intermolecular contacts between the sheets involve the tertiary-butyl groups, which hinders 
the close packing of the sheets. Thus holes are found between the sheets. 
83. LS1055 
No holes were found in this structure. This is presumably due to the unusual packing 
scheme adopted by the molecule. If there are any inefficiencies in the packing scheme they 
are not localised, thus no holes were found. 
The packing of LS1055 consists of two layers of unique molecules, which stack 
directly on top of one another. Therefore, to increase the packing efficiency the molecule 
adopts two conformations to reduce the voids between the layers. It is interesting to note that 
LS1055 has the highest density of the three C 30H26N402 structural isomers studied. This 
indicates that the packing scheme adopted by LS1055 is more efficient than that adopted by 
its structural isomers, and so is less likely to have holes in its structure. 
8.4. LSI015 
There is one hole [X(1)] in LSIO15 which lies on a crystallographic two-fold axis. 
The centre of the hole X(1) is at the coordinates (0.5,-0.127,0.25). Figure 8.4. is a plot of the 
molecules on the boundary of the hole viewed approximately normal to (202). The nearest 
neighbours to the centre of the hole are given in Table 8.4. 
The hole lies on the two-fold axis that bisects the molecules, and it is therefore a hole 
through the sheets of molecules parallel to (202). The hole is situated between two molecules 
4i1 
Figun 8.4. LSI015 
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Table 8.4. LSIO15 













X-H distances less than 3.5 A 
X(1)"H(83B)(Y2-x,-Vz-y,1-z) 	2.67(2) 
X(1)"H(83B)('A+x,-'A-y,-'/2+z) 	2.67(2) 
X(1) ... H(12)('/z±x,-'/2+y,z) 2.76(2) 
X(1)H(12)(Yz-x,-'A+y,'/z-z) 2.76(2) 
X(1)H(81A)('/2+x,½+y,z) 2.77(2) 
X(I) H(8 1 A)(',4-x,'/2+y,'/2-z) 2.77(2) 







in the sheet [molecules #1 and #2 in Figure 8.4.1. These molecules are related by a unit cell 
translation along the b-axis direction and are part of a stack of molecules [see Figure 6.5.3.]. 
However, the only intermolecular interactions between these two molecules are contacts 
between the nitrile and tertiary-butyl groups [see Figure 6.5.3]. 
The hole is situated between the phthalonitrile groups of molecule #1. Thus the 
closest atoms from molecule #1 to the centre of the hole belong to the edge of the resorcinol 
group and the faces of its phthalonitrile groups, i.e. the distance from the centre of the hole 
to H(12) is 2.76(2) A, and the distance to the nearest atom of the phthalonitrile group is C(1) 
at 3.887(6) A. The atoms from molecule 92 nearest to the centre of the hole belong to its 
tertiary-butyl groups, i.e. the distance from the centre of the hole to the nearest atom of the 
tertiary-butyl groups is H(81A) at 2.77(2) A. 
The holes through the sheets are plugged on either side by tertiary-butyl groups from 
adjacent sheets [molecules #3 and #4 in Figure 8.4.]. The nearest neighbour from these 
tertiary-butyl groups to the centre of the hole is H(83A) at 2.86(2) A. The only 
intermolecular contacts between these molecules and molecule #2 are between their 
respective tertiary-butyl groups. In contrast, the phthalonitrile and resorcinol rings of 
molecules #3 and #4 are involved in edge-to-face inter-ring interactions to the phthalonitrile 
and resorcinol rings of molecule #1 [see Figure 6.5.5]. 
The ether linkages of LSI01 5 are ortho to one another and the planes of the 
phthalonitrile groups are approximately perpendicular to one another [dihedral angle between 
the planes = 74.0(1)°]. The molecules stack on top of one another along the b-axis direction. 
However, the tertiary-butyl groups of a molecule only just fit between the nitnle groups of 
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the next molecule in the stack as the phthalonitrile groups are too close together. Thus holes 
are found between the phthalonitrile groups of the molecules. 
The sheets in LSI015 are staggered with respect to one another so that the resorcinol 
groups are involved in an edge-to-face interaction with the phthalomtrile groups and the 
tertiary-butyl groups plug the holes in the sheets. Thus there are no holes between the sheets 
due to the efficient stacking of the sheets. 
8.5. LSII17 
There are no holes in the C21c structure of LSI1 17. However, one hole was found 
in the P211n structure. The hole [X(1)] in the P211n structure has its centre at the coordinates 
(0.1022,0.4908,0.3938). Figure 8.5.1. is a plot of the molecules on the boundary of the hole 
viewed normal to (010) [the bonds to the disordered norbornene groups are distinguished by 
being in bold and outline]. The nearest neighbours to the centre of the hole are given in 
Table 8.5.1. 
The hole is situated in the layers of molecules described in chapter 6. The hole is 
near a pair of phthalonitrile groups [molecules #1 and 42 in Figure 8.5.] involved in a face-
to-face inter-ring interaction [see Figure 6.6.2.3. (b)]. The edge of this face-to-face interaction 
is on the boundary of the hole, i.e. the nearest neighbours to the centre of the hole from the 
edges of the phthalomtrile groups are H(17) 2.27(2) A and N(15) 2.775(12) A respectively. 
The hole is also above the face of a hydroquinone ring [molecule 93 in Figure 8.5.] 
i.e. the nearest neighbour to the centre of the hole from the face of the hydroquinone ring 
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Figum 8.5. LSI117 P211n 
'S. 
Table 8.5. LSI117 P2 11n structure 
X-C distances less than 4.0 A 
X(1)C(8)('/z-x,-'/2+y,'/2-z) 2.774(8) 




X(I) C( 1 0)('/2-x,-'/2+y,'A-z) 3.003(12) 
X(1)C(12)('/2-x,-'/2+y,Y2-z) 3.113(12) 
X(1)C(1 1)('/2-x,-'/2+y,'A-z) 3.118(13) 
X(1)"C(18)(Y2-x 7-'/2+y,'/2-z) 3.171(12) 
X(1)C(23')('/2-x,- 1/2+y,'/2-z) 3.495(7) 
X(1)"C(14)(1'A-x,-'/2+y,'A-z) 3.521(12) 
X(1)C(20)('A-x,-Y2+y,Y2-z) 3.550(7) 
X(1) ... C(15)(1Vz-x,-'/z+y,'/2-z) 3.586(12) 
X(1)"C(16)(-¼+x,1'/2-y,Y2+z) 3.63 1(12) 
X(1)"C(21)('/2-x,-'A+y,'/2-z) 3.633(8) 
X(l) C(I 8)(-'/2+x,1 1/2-y,'A+z) 3.657(12) 
X(1) ... C(19)('/2-x,-'/2+y,'A-z) 3.743(7) 
X(1)"C(16')(-'A+x,1 '/2-y,'A+z) 3.763(14) 
X(1)C(22)(Yz-x,-'/z+y,'/2-z) 3.773(7) 
X(1)C(13)(Y2-x,-'/2+y,Yz-z) 3.921(12) 
X-N distances less than 4.0 A 
X(1)"N(15)(1 '/z-x,-Y2+y,'/2-z) 2.775(12) 
X(1)N(15)(-1'A+x,1'/2-y,'/2+z) 3.579(12) 
X-O distances less than 4.0 A 
X(1)"O(1)(½-x,-Y2+y,'/z-z) 3.782(9) 
X(1) ... O(2)(Y2-x,-'/z+y,'/2-z) 3.865(9) 
X-H distances less than 3.0 A 
X(I) H( 1 7)(- 1/2+X,1 '/2-y,'/2+z) 2.27(2) 
X(1 )"H( 1 8)('/z-x,-'/2+y,'/z-z) 2.30(2) 
X(l)  "H(233)('/z-x,-'/2+y,'A-z) 2.80(2) 
X(l) ... H ( 1 4)(1 %-x,-Y2+y,Y2-z) 2.93(2) 
X(1) ... H(201)('A-x,-'A+y, 1A-z) 3.05(2) 
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is C(8) 2.774(8) A. The centre of the hole is also near the norbomene and the edge of a 
phthalonitrile group of molecule #3, i.e. the nearest neighbours to the centre of the hole from 
the nothomene and phthalonitrile groups are H(233) 2.80(2) and H(18) 2.30(2) A 
respectively. 
Molecule #3 is involved in two different edge-to face inter-ring interactions with 
molecule #1 [see Figure 6.6.2.4]. In contrast, there are only intermolecular contacts from the 
norbomene group of the molecule #3 to the phthalonitrile group of molecule #2 [see Figure 
6.6.2.8 (b)]. 
In the C21c structure the two symmetry equivalent phthalonitrile groups are 
perpendendlicular to the hydroquinone ring and there is an edge-to-face intermolecular 
interaction between them. However, one of the symmetry independent phthalonitrile groups 
{phthalonitrile group 2] in the P211n structure is twisted away from being perpendicular to 
the hydroquinone plane. This increases the overlap in a face-to-face intermolecular interaction 
to another phthalonitrile group [see Figure 6.6.2.3. (b)]. However, this weakens the edge-to-
face interaction to the face of the hydroquinone ring [see Figure 6.6.2.5.]. Thus a hole is 
found between the face of the hydroquinone ring and the phthalonitrile groups involved in 
the face-to-face inter-ring interaction. 
No holes were found between the layers in both LSI1 17 structures. This is because 
the layers are staggered with respect to one another to increase the packing efficiency. The 
stacking of the layers is so close as to allow face-to-face inter-ring interactions between 
phthalonitrile groups [see Figures 6.6.2.5. and 6.6.2.6.]. 
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8.6. LSII03 
There is one hole in LSI103 with its centre at the coordinates (0.2785,0.8971,0. 8032). 
Figure 8.6. is a plot of the molecules on the boundary of the hole viewed normal to (100). 
The nearest neighbours to the centre of the hole are given in Table 8.6. 
The hole is found in between the sheets of molecules that are parallel to (012). The 
hole is situated near to the face of a biphenyl ring and the edge of the phthalonitrile group 
of this molecule [molecule 41 in Figure 8.6] in the first sheet. The hole is almost directly 
above the centre of the biphenyl ring, i.e. the distances from the centre of the hole to the 
carbon atoms of the ring vary from 2.780(10) A to 2.879(10) A. The hole is only 2.252(10) 
A from H(6) on the edge of the phthalonitrile group of this molecule. 
The hole is also near to a methyl group from another molecule [molecule #2 in 
Figure 8.6.] in the first sheet. The nearest neighbour from this methyl group to the centre of 
the hole is H(122) at 2.25(2) A. There are only intermolecular contacts between the methyl 
groups of the two molecules 41 and 92 in the first sheet [see Figure 7.1.4.]. 
The hole is near to a phthalonitrile group [molecule #3 in Figure 8.6.] in the second 
sheet. The nearest neighbour from this phthalonitrile group to the centre of the hole is C(3') 
at 2.779(10) A. This phthalomtrile group is involved in an edge-to-face intermolecular 
interaction with the face of the biphenyl group of molecule #1 [see Figure 7.1.51. In contrast, 
there are only intermolecular contacts between the methyl group molecules #2 and #3 [see 
Figure 7.1.8]. 
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Figure 8.6. LSI103 
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Table 8.6. LSI103 
X-C distances less than 4.0 A 
X(1)"C(3')(x,1+y,z) 2.779(10) 
X(1) ... C(12)(xy,z) 2.780(10) 










X(1)"C(11)(1-x,2 -y,2  -z) 3.825(10) 
X(1)"C(8')(xy,z) 3.882(10) 
X(1) ... C(10)(-x,2 -y,2 -z) 3.886(10) 
X(1)"C(1)(xy,z) 3.910(10) 
X(1)C(12)(1-x,2 -y,2 -z) 3.956(10) 
X-N distances less than 4.0 A 
X(1)"N(3)(x,1+y,z) 2.918(10) 
X(1) ... N(4)(1-x,1-y,1-z) 3.301(9) 
X-O distances less than 4.0 A 
X(1)"O(1)(xy,z) 3.792(8) 
X-H distances less than 3.5 A 
X(1)H(122)(1-x,2 -y,2 -z) 2.25(2) 
X(1)H(6)(xy,z) 2.25(2) 
X(1)"H(2)(x,1+y,z) 2.31(2) 
X(1) ... H(11)(1-x,2 -y,2 -z) 3.11(2) 




The sheets of molecules in LS1103 are staggered with respect to one another, and the 
biphenyl groups are planar and approximately parallel to the sheets. Thus the biphenyl groups 
are involved in edge-to-face and face-to-face intermolecular interactions to molecules in 
adjacent sheets. However, the phthalonitrile group which is perpendicular to the biphenyl 
group hinders close packing to the face the biphenyl rings. Thus a hole is found above the 
centre of the face of the biphenyl ring 
There are no holes in the sheets as the sheets have an efficient packing scheme with 
the phthalonitrile groups stacked along the a-axis direction in a similar scheme to LS1244. 
Thus the methyl groups are not bulky enough to cause holes in the sheets of this packing 
scheme. 
8.7. 110023 
LE0023 is an unusual case as it has a complex packing scheme with two independent 
half molecules [A and B] and a disordered solvent molecule. The disordered solvent molecule 
sits over the biphenyl plane of molecule B [see Figure 7.2.8.]. The tertiary-butyl groups of 
molecule B are on opposite edges of the biphenyl group which makes it difficult for other 
molecules to pack near to the biphenyl plane of molecule B. Thus the small acetonitrile 
solvent molecule is included in the crystal to pack over the biphenyl plane of molecule B. 
This indicates that there would have been a large hole here had the solvent molecule not 
packed there. Thus LE0023 has an inefficient packing scheme. 
One hole [X(1)] was found in LE0023, with its centre at the coordinates 




Figure 8.7. LE0023 
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Table 8.7. LE0023 
X-C distances less than 4.0 A 
X(I) C(2S)(-x,-x+y, 113.-z) 2.827(8) 
X(1)"C(82B)(xy,z) 3.033(5) 
X(1)C(81B)(xy,z) 3.121(5) 
X(I) C(I S)(-x+y,-x,- 113+z) 3.236(7) 
X(1)"C(82B)(-x,-x+y, 14z) 3.262(5) 
X( 1 )C(8 1 AX -x+y,-1-x,-1/a+z) 3.408(4) 
X(1)"C(9B)(-x,-x+y, 1/3-z) 3.435(4) 
X(1)"C(8'B)(xy,z) 3.654(4) 
X(1)"C(8B)(-x,-x+y, 1/3-z) 3.727(4) 
X(1)"C(81B)(-x,-x+y, 113-z) 3.776(5) 
X(1)"C(8'B)(-x,-x+y, 1/3-z) 3.786(4) 
X-N distances less than 4.0 A 
X(1)"N(3S)(-x,-x+y,l/3-z) 2.996(14) 
X(1)"N(3A)(-x,-x+y,l/a-z) 3.158(6) 
X-H distances less than 3.5 A 
X(1)H(85B)(-x,-x+y, 1/3-z) 2.33(2) 
X(1)"H(81B)(xy,z) 2.34(2) 
X(I) H(I S3 )(-x+y,-x,-lk*z) 2.34(2) 
X(1)H(84B)(xy,z) 2.35(2) 
X(1)H(83A)(-x+y,-1-x,- 1/a+z) 2.75(2) 
X(1) "H(1 S1)(-x,-x-l-y,lk-z) 2.78(2) 
X(1)"H(85B)(xy,z) 2.95(2) 
X(1)H(83B)(-x,-x+y, 1/a-z) 3.05(2) 
X(1)"H(9B)(-x,-x+y, 1/a-.z) 3.17(2) 
X(1)H(83B)(xy,z) 3.25(2) 
X(1)H(81A)(-x+y,-1-x,- 1/a+z) 3.38(2) 
X( l) H( 1 S2)(-x+y,-x,- 113+z) 3.45(2) 
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[only half molecules are shown], and the nearest neighbours to the centre of the hole are 
given in Table 8.7. The hole was found near to the solvent molecule [molecule labelled sol 
in Figure 8.7.], three tertiary-butyl groups and a nitrile group all belonging to different 
LE0023 molecules. 
The nearest neighbour from the acetonitrile solvent molecule is H(1 S3) at 2.34(2) A. 
The molecule B [molecule #1 in Figure 8.7.] that the acetonitnle molecule is sitting on has 
a tertiary-butyl group near the centre of the hole. The nearest neighbour of molecule #1 to 
the centre of the hole is H(85B) at 2.33(2) A, whilst the nearest neighbour from the biphenyl 
rings of this molecule to the centre of the hole is H(9B) at 3.17(2) A. 
The other tertiary-butyl groups near the centre of the hole are from a molecule A 
[molecule #3 in Figure 8.7.], and another molecule B [molecule #2 in Figure 8.7.]. The 
nearest neighbours to the centre of the hole from these tertiary-butyl groups are H(83A) at 
2.75(2) A and H(81B) at 2.34(2) A respectively. The nitrile group on the boundary of the 
hole belongs to another molecule A [molecule #4 in Figure 8.7.]. The nearest neighbour from 
this molecule to the centre of the hole is N(3A) at 3.158(6) A. 
The biphenyl group of the molecule #3 is involved in a face-to-face inter-ring 
interaction with a phthalonitrile group of the molecule 91 [see Figure 7.2.5.]. In contrast, the 
phthalonitrile groups of molecule #4 are involved in face-to-face inter-ring interactions with 
phthalonitrile groups of both molecule #1 and #2 [see Figure 7.2.3.]. 
The hole is near to the solvent molecule, and so is presumably a result of the poor 
packing of the tertiary-butyl groups about the solvent molecule. Thus bulky tertiary-butyl 
substituents on a biphenyl group are difficult to accommodate in an efficient packing scheme. 
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8.8. LSII1O 
There is one hole in this structure with its centre at the coordinates 
(0.371,0.1993,0.4246). Figure 8.8.1. is a plot of the molecules on the boundary of the hole, 
viewed approximately normal to (010). The nearest neighbours to the centre of the hole are 
given in Table 8.8.1. 
The hole is sandwiched between the plane formed by an edge-to-edge intermolecular 
interaction between two phthalonitrile groups [molecule 91 and molecule 92 in Figure 8.8.] 
and the face of another phthalonitrile group [molecule #3]. 
The nearest neighbours from the phthalonitrile groups of molecule #1 and 92 to the 
centre of the hole are C(22') at 3.020(11) A and N(22) at 3.013(11) A respectively. The edge-
to-edge intermolecular interaction between these two phthalonitnle groups is shown in Figure 
7.3.6. 
The nearest neighbours from the phthalomtrile group of molecule #3 to the centre of 
the hole C(24) at 3.012(11) A. A phthalonitrile group of molecule 93 [furthest from hole in 
Figure 8.8.] is involved in an edge-to-face inter-ring interaction with a phthalonitrile group 
of molecule Al [see Figure 7.3.5.]. In contrast, the same phthalonitrile group of molecule #3 
is involved in an edge-to-edge inter-ring interaction with a phthalonitrile group of molecule 
#2 [see Figure 7.3.7.]. 
There is also a fourth molecule [molecule 94 in Figure 8.8.] with a nitrile group on 
the boundary of the hole. The nearest neighbours from the nitrile group of molecule #4 to 
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Figum 8.8. LSI11O 
kilm 
Table 8.8. LSI11O 































X-N distances ic ss than 4.0 A 
X(1)"N(22)(xy,z) 	 3.013(11) 
X(1)N(3)('A-x,-'A+y,'/2-z) 	3.054(10) 
X(1) ... N(22)(-x,-y,1-z) 	 3.061(11) 
X-H distances less than 3.5 A 
X(1)"H(122)(xy,z) 2.85(2) 
X(1)"H(24)(-x,1-y,1-z) 3.12(2) 
X(1) "H(183)(-x,1-y,1-z) 3.24(2) 
X(1)"H(25)(-x,1-y,1-z) 3.26(2) 
X(l) H(1 62)(-x,-y, 1-z) 3.37(2) 
X(1) "H(21)(-x,-y,1-z) 3.37(2) 
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the centre of the hole is N(3) at 3.054(10) A. The phthalonitrile group of molecule A is 
involved in a face-to-face type inter-ring interaction with a phthalonitrile group of molecule 
#1 [see Figure 7.3.3.]. This nitrile groups is also involved in short N  intermolecular 
contacts with molecule #2 [see Figure 7.3.8.] and with molecule #3 [see Figure 7.3.4.]. 
LSI1 10 adopts an unusual packing scheme, due presumably to the isopropylidene 
hinge. There is only one face-to-face inter-ring interaction between phthalomtrile groups in 
LSI1 10. The phthalonitrile groups are hindered from forming columns as in LS1244. This is 
due to the difficulty in packing a molecule with its bent conformation, which is not suited 
to forming sheets. Thus a hole is formed between the faces of the phthalomtnle groups that 
are not involved in a face-to-face interaction. 
8.9. LS1338 
There is one hole [X(1)] in this structure with its centre at the coordinates (0.0194,-
0.0191,0.4474). Figure 8.9.1. is a plot of the molecules on the boundary of the hole, viewed 
approximately normal to (102). The nearest neighbours to the centre of the hole are given 
in Table 8.9.1. 
This hole is between the sheets of molecules parallel to (102), and overlaps with a 
symmetry related hole, i.e. X(1) X(1) 2.264(7) A. The combination of the two symmetry 
related holes is an approximately dumbbell shaped hole. The holes are above the faces of 
phthalonitrile groups [molecules #1 and #2 in Figure 8.9.1. Thus the dumbbell shaped hole 
is formed by two close holes that are sandwiched between the faces of two phthalomtnle 
groups in adjacent sheets. 
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Figun 8.9. LS1338 
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Table 8.9. LS1338 










X-H distances less than 3.5 A 
X(1)"H(13G)(-x,-'A+y,'/2-z) 2.27(2) 
X(1)H(83C)(xy,z) 2.28(2) 









The following description is of the nearest neighbours and intermolecular interactions 
to the hole above the face of the phthalonitrile group of molecule 91. The tertiary-butyl 
groups of the inner rings of molecule #1 and molecule #2 are also on the boundary of the 
hole. The nearest neighbours to the centre of the hole from the phthalonitrile group of 
molecule 41 are H(6) at 2.42(2) and C(6) at 2.770(7) A, and from the tertiary-butyl of this 
molecule H(83C) at 2.28(2) A. The nearest neighbour to the centre of the hole from the 
tertiary-butyl group of molecule #2 is H(83C) at 2.28(2) A. The only intermolecular 
interactions between molecule #1 and molecule #2 are contacts between their tertiary-butyl 
and nitrile groups. 
The butylidene hinge of another molecule [molecule #3 in Figure 8.9.] is also on the 
boundary of a hole. The nearest neighbours to the centre of the hole from the butylidene 
hinge group is H(13G) 2.271(26) A. Molecule #3 is in the same sheet as molecule #1. These 
two molecules are involved in a weak edge-to-face type inter-ring interaction as well as a 
short N"H intermolecular contact [see Figure 7.4.4.]. The butylidene group of molecule #3 
also has intermolecular contacts with the phthalomtrile group of molecule #2 [see Figure 
7.4.6.]. 
LS1338 adopts a packing scheme that has some similarities to LS1244. The packing 
scheme of LS1338 can be described in terms of sheets of molecules. However, only one of 
the phthalonitrile groups is perpendicular to the plane of the sheets. Thus the phthalonitnle 
groups cannot form columns in the sheets. The hole is found over the plane of the 
phthalonitnle groups parallel to the sheets. Tertiary-butyl groups and butylidene hinges in 
adjacent sheets therefore have close intermolecular contacts with the nitrile groups of these 
phthalonitrile groups. Thus there is a hole over the face of the phthalonitrile groups as they 
are hindered from having inter-ring interactions by these intermolecular contacts. 
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8.10. Conclusions 
Only one hole per asymmetric unit was found in the majority of crystal structures of 
the tetranitriles. The exceptions are LS1055 and the C21c structure of LSI1 17 which do not 
have any holes, and LSI041 which has two holes. LS1055 and the C21c structure of LSI117 
do not have any holes due presumably to efficient packing schemes which minimise the 
concentration of large voids. In contrast, LSI041 has two holes. LSI041 adopts the same 
packing scheme as LS1244 with sheets of molecules parallel to (202) but has bulky tertiary-
butyl groups which cause holes in the sheets as well as between the sheets. 
There is only one hole in the majority of the tetranitriles. For a crystal to be stable 
there must be numerous close intermolecular interactions between the molecules that 
constitute the crystal packing forces to hold the crystal together. Thus it is unlikely that 
crystals with numerous large voids would grow as the crystal packing forces would be 
reduced in these areas. 
The holes in the tetranitriles can be classified into three distinct groups based on the 
proximity of the centre of the hole to certain structural features in the crystal. The three 
groups are as follows. 
Holes found between the faces of two (or more) phthalomtrile groups, e.g. holes X(1) in 
LSI041, LSI015, LSI103, LSI110 and LS1338. 
Holes found above plane of inner-rings, e.g. holes X(1) in LS1244 and the P21 1n structure 
of LSIII7, and hole X(2) in LSI041. 
Holes found near packing anomalies in the crystal, e.g. hole X(1) in LE0023. 
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Type 1 holes found between the faces of phthalomtrile groups are the most common 
holes found in the crystal structures of the tetranitriles. It is expected that the faces of the 
phthalomtrile groups would prefer to be involved in a face-to-face inter-ring interaction as 
this provides favourable van der Waals and electrostatic interactions. Thus there must be 
other intermolecular interactions that prevent the phthalomtrile faces coming into contact. 
Generally the intermolecular interactions keeping the phthalonitrile groups apart are close 
intermolecular contacts between bulky substituents on the inner-rings of these molecules. 
Type 2 holes in contrast to type 1 holes are only situated over the face of one inner-
ring, as opposed to sandwiched between the faces of a pair of phthalonitrile groups. Holes 
are found sitting above the faces of inner-rings because other molecules are hindered from 
having close intermolecular contacts to the inner-ring faces. The inner-rings always have at 
least one ring attached to them which is usually perpendicular to their plane. These groups 
hinder the approach of molecules in their proximity to interact with the inner-ring. The inner-
rings also have bulky substituents, especially tertiary-butyl groups, which also prevent close 
intermolecular contacts to the inner-rings. 
Type 3 holes are caused by the inclusion of small molecules in the crystal that 
generate holes in the structure due to unusual packing arrangements other than those seen 
under the normal packing conditions. Thus type 3 holes are not strictly relevant to this study 
as they are not caused by the packing of the tetranitriles alone, but are still interesting as they 
give an insight into the possible modification of polymers by the use of plasticizers. 
The hole in LE0023 is formed near to the small acetonitrile solvent molecule that is 
included in the crystal. The molecules of LE0023 obviously do not pack very well, as the 
solvent molecule is in a disordered position. The packing inefficiencies are concentrated 
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around the solvent molecule as the tertiary-butyl groups of three different molecules pack 
near to the solvent molecule and one another, and a hole is formed at their centre. 
The causes of holes within the tetranitriles provides an insight into the possible 
causes of pores within the polymers. However, this is only part of the investigation. The 
density of pores and the distribution of pore sizes are very important in determining the gas 
permeability and selectivity of the polymers. However, as there is only one hole in the 
majority of tetranitriles there is no information about the distribution of hole sizes. The 
density of holes in the tetranitriles can be measured by the volume of crystal per hole. 
The unit cell volume (V) divided by the number of holes (N) in the unit cells of the 
tetranitriles gives the volume of the crystal in which one hole would be found (i.e. volume 
of crystal per hole = V/N). The results for the tetranitriles are given in Table 8.10. These 
results do not take into account the volume of the holes. It was assumed that the actual 
volume of the holes in all of the tetrarutrile crystals were the same. This assumption is used 
because the minimum radii of all of the holes are very similar, and the actual volume of a 
hole with a non-uniform shape would be difficult to calculate. 
The results show that there is no correlation of the volume per hole in the tetranitnles 
with the density of the crystals or with the molecular complexity. The large differences in 
the volume of crystal per hole of the tetranitriles is not easily accounted for. Individual cases 
are considered below. 
The tetranitriles LS1244 and LS1338 have the highest and the lowest densities of all 
of the tetranitriles. LS1244 is the simplest tetranitrile and so has the most efficient packing 
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Table 8.10. Comparison of number of holes in tetranitrile crystal structures 
Holes (N) Cell volume Density Atomic V/N (A3 ) 
per unit cell (V I A3 ) (Mg m 3 ) volume (A 3 ) 
LS1244 8 1777.8(13) 1.354 15.87 222.2 
LS1041 12 2663(2) 1.184 18.49 221.9 
LS1055 0 2515(2) 1.253 17.47 
LS1015 4 2614(4) 1.206 18.15 653.5 
LSI117 
C21c 0 2230(5) 1.276 16.89 
P21 1n 4 2151.9(3) 1.322 16.30 538.0 
LS1103 2 626(2) 1.312 16.47 313.0 
LE0023 6 4659(5) 1.221 17.85 776.5 
LSI11O 4 3027(3) 1.178 18.46 756.8 
LS1338 4 3624.5(6) 1.163 18.88 906.1 
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scheme which means the highest density. In contrast, LS1338 has the greatest number of non-
hydrogen atoms of all the tetranitriles and so is the most complex molecule with two 
tertiary-butyl groups, two methyl groups and a butylidene hinge group. This means LS1338 
is unlikely to pack efficiently, and so has the lowest density. However, LS1338 has the 
greatest volume of crystal per hole, whilst LS1244 has one of the lowest [LS1244 has 
approximately four times as many holes in a given volume than LS1338]. This is contrary 
to the expectation that the crystal with the lowest density would have a greater number of 
holes in a given volume, i.e. a lower volume of crystal per hole. This indicates that the 
location of the voids in LS1244 are more localised than in LS1338. 
The series of tetranitriles that are structural isomers, i.e. LSI041, LS1055 and LSI015 
do however follow the expected trend that as the density of the crystal increases the number 
of holes in a given volume decreases, i.e. volume of crystal per hole increases. Thus LSI041 
has the lowest density and the lowest volume of crystal per hole. In contrast, LS1055 has the 
highest density and no holes, i.e. infinite volume of crystal per hole. However, this does not 
explain why varying the positions of the structural groups has such a large effect on the 
density and number of holes. 
The opposite trend observed with the structural isomers is seen for the polymorphic 
crystal structures of LSI1 17. The structures of the polymorphs are almost identical, but the 
P211n structure with the higher density has holes, whilst the C21c structure with the lower 
density has none. This result is very revealing. It shows how a small change in the structure 
can open and close a hole. 
In summary, there is no evidence to suggest that the density of holes in the 
tetranitriles can be related to the permeability of the poly(ether imides). However, the causes 
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Molecular Recognition in a Series of 1,3-Oxazopin-2-one Chiral Auxiliaries Based on D- 
fructose 
9.1. Introduction 
A broad introduction to the study of chiral compounds can be found in any general 
organic chemistry text book [Monison and Boyd, 1983], as well as in more specialised 
volumes [Morrison, 1983]. Here axe just a few important definitions. An sp 3 carbon atom 
with four different substituents is called a chiral centre, and has the ability to rotate the plane 
of polarized light. Molecules with the same chemical formula which only differ in the 
configuration of the substituents about the chiral centres are called steieoisomers. A pair of 
sternoisomers that are mirror images of one another but are not superimposable are called 
enantiomers. Whereas a pair of sternoisomers which are not mirror images of one another are 
called diastereomers. A 1:1 mixture of enantiomers is called the racemic mixture, and is 
optically inactive. 
Enantiomers have identical chemical and physical properties, apart from the direction 
they rotate polarized light and they react differently with other optically active compounds. 
Thus enantiomers can have different phami acological effects. In contrast, diastereomers may 
have similar or different chemical and physical properties. These properties are very 
important when for example designing the synthesis of a new drug, as indicated below. 
The amino acid L-dopa [the S configuration of 3-methoxy-4-acetoxyphenylalanine] 
is used in the treatment of Parkinson's disease. However, the other enantiomer D-dopa [R 
CWE 
configuration] is pharmacologically inactive. Thus it would be a waste of resources to 
synthesize the racemic modification of 3-methoxy-4-acetoxyphenylalanine. Hence it is the 
desire of the organic chemist to obtain optically pure compounds, i.e. single enantiomers. 
The optical purity of a compound is given by its enantiomeric excess, which is equal 
to the optical rotation of sample over the optical rotation of pure enantiomer, expressed as 
a percentage. There are a number of ways of obtaining optically pure compounds as proposed 
by Morrison [Morrison, 19831: 
The most obvious way to obtain optically active compounds is to buy them from a 
chemical catalogue. 
Another direct source of optically active compounds is to isolate them from nature, e.g. 
the R -enantiomer in Displayed structure 9.1.1. is a naturally occuring compound that can be 
obtained from Java citronella oil with an enantiomeric excess of over 75% [Valentine et a!, 
1979]. 
C HO 
Displayed structure 9.1.1. [Valentine et a!, 1979] 
Resolution techniques such as co-crystallization [Jacques et a!, 1981] and chromatography 
[Solladie-Cavallo et a!, 19791 can be used to separate the enantiomers fn)m a racemic 
modification. Thus for a racemic mixture the maximum possible yield of a single enantiomer 
by resolution methods is 50%. 
Asymmetric transformation can be used to separate the enantiomers in a racemic mixture. 
An equilibrium is set up between the enantiomers, and one enantiomer is extracted 
preferentially, e.g. stirring DL-phenylglycinate with D-tartaric acid in benzaldehyde 
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precipitates methyl D-phenylglycinate hydrogen D-tartrate in 85% yield [Clark et a!, 1976]. 
Thus the enantiomers must be easily interconveitable, which rules out purifying a large 
majority of enantiomers by this method. 
Kinetic resolutions can be used to separate a racemic mixture. The racemate is reacted 
with a chiral reactant in which the rate of reaction with one enatiomer is much faster. Thus 
the original racemic modification is enriched with one of the enantiomers [Martin et a!, 
1981]. This method is similar to method 3 in that the maximum possible yield of a single 
isomer from a racemic mixture is only 50%. 
Asymmetric reactions can be designed to give a high enantiomeric excess. An asymmetric 
reaction involves turning a prochiral group into a chiral group. The practical methods 
available are addition to an unsaturated group via a prefered face, and or selective 
substitution at a prochiral centre [a pmchiral carbon centre is an sp 3 carbon atom with two 
hydrogens and two other different substituents]. An example of both of these methods is the 
preferential proton transfer to the pro-S-face of isopropyl phenyl ketone with an optically 
pure chiral Grignard reagent [R -configuration], as shown in Reaction scheme 9.1. [Morrison 
et a!, 1968]. The normal Grignard addition product [2-methyl-3,6-diphenyl-3-heptanol] is 
formed in excess, with a 9% yield of the isopropyiphenyl carbinol. 62.5% of the 
isopropylphenyl carbinol formed is the R-enantiomer. 
(proR) 
H 	 0 	H 	H 	
H 
I 	I II I 	I I 
Ph-C—C—CH MgCI + Pr-81 -Ph IP Ph-C—CCH + ,Pr-C-Ph 
I 	I 	2 	 I 2 	I 
MeH Me 	 OH 
	
(R) (proS) 	 (R) (R) 
Reaction scheme 9.1. [Morrison et a!, 19681 
The desire of the organic chemist to generate a wide range of optically active 
compounds is increasingly aided by the use of novel asymmetric syntheses to generate the 
321 
enatiomerically putt molecule. A very important tool is the chiral derivatising agent, more 
commonly known as a chiral auxiliary. 
Chiral auxiliaries are used to to impart homochirality to the starting material, thus 
providing it with asymmetry. The chiral auxiliary is designed to aid a stereospecific reaction, 
so that one configuration of the new chiral centre is formed in preference to the other. The 
products formed will be diastertomers, which can be separated due to their different physical 
properties. The chiral auxiliary is then removed to leave a single enantiomer. 
A chiral auxiliary is rated on [Eliel, 1979]: (i) its ability to destroy any symmetry in 
a prochiral molecule; (ii) its cost; (iii) its ease of attachment to the required functional group; 
(iv) its induction of highly steospecific reactions; (v) its ability to impart crystallinity to all 
products to facilitate purification of products and (vi) its ease of removal so it can be 
recycled. 
This study is on a series of optically-pure 1,3-oxazopin-2-one chiral auxiliaries 
[McDougall, unpublished]. One new structure [code name FRUCBZ] was determined, and 
three previous solved structures [Gould et a!, unpublished] are included in the discussion. 1,3-
oxazopin-2-ones are useful chiral auxiliaries due to the wide range of stereospecific reactions 
which their derivatives undergo [Banks et a!, 1993, 1994]. They are also easy to purify as 
they impart a high degree of crystallinity to the products. After purification the recovery of 
these chiral auxiliaries is usually a straight forward cleavage from the newly formed chiral 
centre. 
The crystal structures of a series of chiral auxiliaries based on 1 ,3-oxazopin-2-one 
derivatives of D-fructose were investigated to determine whether there are favourable 
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intermolecular interactions between the parent groups in the crystal. When a molecular 
fragment is prone to pack beside itself due to strong intermolecular interactions, it is said to 
recognise itself i.e. the fragment possesses molecular self-recognition. If the parent group of 
the chiral auxiliaries recognizes itself during crystallization this is likely to reduce the 
asymmetry of the diastereomers formed with them. In which case the separation of the 
diastemomers is likely to be more difficult as the over-riding packing fortes will be between 
the parent groups, and the diastereomers could co-crystallise. 
D-fructose is a readily available enantiomerically pure natural product. Thus D-
fructose is an ideal basis for the synthesis of a chiral reagent that can be obtained cheaply 
in an optically pure state in large quantities [Banks, in print]. The parent group with 
substituent X is shown in displayed structure 9.1.2., where X is usually H or an acyl 
derivative. The parent molecule consists of an 1,3-oxazopinone ring formed via a 
stereospecific intramolecular nitrene insertion reaction, and a fructose ring with the 1,6 and 
4,5 positions protected by isopropylidene groups. 
Y 
q 14 x  >=O o 
Displayed structure 9.1.2. 
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The intermolecular contacts between the parent groups were studied to determine the 
type of intermolecular interactions present between the parent groups in each of the 
structures. The intermolecular interactions of different molecules were then compared to see 
if there were any similar interactions. If an intern olecular interaction occurs in more than one 
structure it is possibly a favourable interaction caused by molecular self-recognition between 
the parent groups. 
Classification of the intermolecular interactions requires a description of the different 
surfaces of the parent groups. To aid the comparison of the intermolecular interactions all of 
the parent groups were all given the same atom-labels. The faces of the fructose and 1,3-
oxazopin-2-one rings nearest the isopropylidene group C(1 1), C(l2) and C(13) were defined 
as the bottom faces. The methyl group C(12) is situated above the bottom face of the fructose 
ring and the methyl group C(1 3) is situated above the bottom face of the 1 ,3-oxazopin-2-one 
ring. The other faces of the fructose and 1,3-oxazopin-2-one rings were defined as the top 
faces. The methyl group C(15) is situated above the top face of the fructose ring. 
Intermolecular interactions only involving the methyl groups of the isopropylidene 
protecting groups were not thought to contribute to molecular recognition. This is because 
there are only very weak van der Waals fortes between hydrogen atoms. The tables of 
intermolecular contacts only contain contacts between the non-hydrogen atoms of the parent 
groups. This was done to highlight the faces of the parent groups involved in the 
inteim olecular interactions. 
The chiral auxiliary with X = H is 7-aza-2,9-dioxa-1,6,4,5-di-O-isopropylidene-
bicyclo[4.4.O.]decan -8 -one and its code name is FRUAMD. The derivatives with the code 
names FRUCNC, FRUCNO and FRUCBZ have the amidic nitrogen atom N(7) substituted 
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by 1 -keto-prop-2-enyl, 1 -pnpanoyl-oxy-pmp- 1 -enyl and 1 -keto-3 -hydmxy-3-aryl-isobutyl 
groups respectively. 
The thermal ellipsoid plots of the molecule are all viewed approximately normal to 
the plane through the atoms C(l 1), C(12) and C(13). One of the molecules in the plots of the 
intermolecular interactions is also viewed normal to the plane through C(l 1), C(12) and 
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Displayed stnicture 9.2. FRUAMD 
This is the parent molecule with a hydrogen atom on the nitrogen atom [N(7)], and 
has the molecular formula C 13H 1 N07 . The following structure determination was performed 
by Gould et a! [Gould et a!, unpublished]. FRUAMD crystallizes in the tetragonal space 
group P432 1 2, with unit cell dimensions of a = 12.8375(8)A, c = 36.736(6) A and volume V 
= 6054.1(11) A3 . This is a mom temperature structure, with a calculated density of 1.322 Mg 
m 3. There are sixteen formula units per unit cell, and two unique molecules per asymmetric 
unit [distinguished as the non-prime and prime molecules, shown in Figures 9.2. (a) and (b) 
with the numbering scheme used]. FRUAMD has no substituents on N(7). Therefore all the 
intermolecular interactions present in the structure will be relevant to this study, apart from 
the close intermolecular contacts to H(7). However, it is worth noting that H(7) is involved 
in a hydrugen-bond to 0(8') [see Figure 9.2.1.1. The geometry of the hydrogen bond is as 
follows. 
N"0 / A 	H"0 / A 	<N-H0 /0 




Figuies 9.2. FRUAMD (a) prime [top] and (b) non-prime [bottom] molecules with 50% 
theim al ellipsoids [Gould et a!, unpublished] 
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Intermolecular interaction 1.- In Figure 9.2.1. there are close intermolecular contacts 
between the carbonyl oxygen-atom of a prime molecule and the edge of the fructose and 
oxazopinone rings [C(5) to 0(8)] of a non-prime molecule. Them are also intermolecular 
contacts between the methyl groups C(13') and C(16). The closest intermolecular contacts (A) 
















COU 	 1h11 M 
CU2I 	 C(13) 
Figure 9.2.1. 
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Intermolecular interaction 2.- In Figure 9.2.2. them are close intermolecular contacts 
between the edge of the fructose ring [C(3) and C(4)j of a prime molecule to the edge of 
a oxazopinone ring [0(9) and C(10')] of another prime molecule. There are also 
intermolecular contacts between the methyl group C(12) of the first molecule to the edge of 
the oxazopmone ring of the first molecule and from the methyl group C(13) of the second 
molecule to the edge of the fructose ring of the first molecule. The closest intermolecular 
contacts (A) between these two molecules are as follows. 
C(3)"0(9)(½-x ,-½+y ,3/4-z) 	3.371(8) 
C(4)"0(9)C½-x,46+y ,3/4-z) 3.396(7) 
C(10')0(6')(½-x, 1/2+y,3/4-z) 	 3.682(7) 
C(1 2')"0(9)(½-x,-½+y, 3/4-z) 3.693(9) 
0(6')"0(9)(½-x,-½+y ,3/4-z) 	3.777(6) 
C(4)0(l ')C½-x,-½+y ,314-z) 3.791(7) 
C(10')"C(l2')(½-x,½+y, 3%-z) 	3.881(10) 
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Intermolecular interaction 3.- In Figure 9.2.3. there are close intermolecular contacts 
between the edge of the fructose and oxazopinone rings {C(1), 0(2), C(3) and C(10)] of a 
non-prime molecule and the edge of the oxazopinone ring [C(5) to 0(8')] of a prime 
molecule. The closest intermolecular contacts (A) between these two molecules are as 
follows. 
N(7')0(2)0½-x,-½+y ,?14-z) 
C(10)0(8)(½-x,½+y, 314 -z) 
N(7')0(l )(½-x,-½+y 014-z) 
C(l 2)"0(6')(½-x,½+y ,314-z) 
0(2)0(8')(½-x,½+y,314-z) 
C(l )"N(7')(½-x,½+y,3A-z) 
0(1 )"0(6')(½-x,½+y, 314-z) 



















Intermolecular interaction 4.- In Figure 9.2.4. there are close intermolecular contacts 
from the carbonyl oxygen atom 0(8) and methyl group C(13) of a non-prime molecule to the 
methyl groups C(15) and C(16) of a isopnpylidene protecting group of another non-prime 
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Intermolecular interaction 5.- In Figure 9.2.5. there are close intermolecular contacts 
from the methyl group C(15) of a non-prime molecule to the top face of the oxazopinone 
ring of a prime molecule, and from the methyl group C(l 5) of the prime molecule to the top 
face of the oxazopinone ring of the non-prime molecule. The closest intermolecular contacts 
(A) between these two molecules are as follows. 
C(8')C(15')(y,x,l-z) 	 3.540(12) 
C(15')"0(9')(y,x,1-z) 3.620(11) 
C(15')"0(8')(y,x,l-z) 	 3.692(12) 
C(l5')O(5')(y,x,l-z) 3.898(12) 
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Intermolecular interaction 6.- In Figure 9.2.6. them are close intermolecular contacts 
between the isoplDpylidene protecting groups of a pair of non-prime molecules. The closest 
intermolecular contacts (A) between these two molecules are as follows. 
O(4)O(4)(1-y,1-x,½-z) 	 3.186(6) 
C(4)0(4)(l-y,1-x,½-z) 3.331(8) 
C(3) ... O(4)(l-y,1-x,½-z) 	 3.669(8) 
1 
C115a) 




Intermolecular interaction 7.- In Figure 9.2.7. them are close intermolecular 
interactions from the bottom face of a fructose ring of a non-prime molecule to the edge of 
a oxazopinone ring [0(9) and C(10)] of another non-prime molecule. The closest 
intermolecular contacts (A) between these two molecules are as follows. 
C(l0)0(6)(l½-x,½+y,3A-z) 	3.073(8) 
06)"09)( 1 ½-x ,-½+y ,3/4-z) 3.123(6) 
C5)09)(l½-x,-½+y,34-z) 	3.449(7) 
C(4)0(9)(1½-x,-½+y,3%-z) 3.532(8) 
C(5)"C(10)(1 1 2-x,- 1 2+yA-z) 	3.826(9) 
C(6)"0(9)(1 ½-x,-½+yA-z) 3.922(7) 




Intermolecular interaction 8.- In Figure 9.2.8. them are close intermolecular contacts 
from the top face of the oxazopinone ring and methyl group C(15) of a non-prime molecule 
to the edge of the fructose ring [C(3') and 0(4')] and methyl group C(15) of a prime 
molecule. The closest intermolecular contacts (A) between these two molecules are as 
follows. 
C(3')0(5)(1 ½-x ,-½+y ,A-z) 3.526(7) 
C(l 2')"0(8)(1 ½-x,-½±y ,3%-z) 3.630(10) 
C(1 6)"O(4')(l ½-x ,½+y X-z) 3.666(9) 
CO 5)0(4)(1 ½-x ,½+y ,314 -z) 3.803(9) 
C(3')"0(8)(1½-x,-½+y,314-z) 3.837(8) 
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Displayed structure 93. FRUCNC 
The amidic nitrogen N(7) of FRUCNC has a 1-keto-prop-2-enyl substituent. The 
molecular formula of FRUCNC is C 16H21N08. The following structure determination was 
prrned by Gcu!d d [Gu1d t d, pliiwd. FRUCNC i ii.es iii ihe 
orthorhombic space group P2 1 2 1 2 1 with unit cell dimensions of a = 10.497(2) A, b = 
10.555(2) A, c = 31.552(4) A and a volume V = 3495.8(10) A 3 . There are eight formula units 
per unit cell, and two unique molecules per asymmetric unit [distinguished as the non-prime 
and prime molecules]. This is a room temperature structure, with a calculated density of 
1.297 Mg m 3 . 
The two unique molecules are shown in Figures 9.3. (a) and (b) with the numbering 
scheme used. The intermolecular interactions between the parent groups of FRUCNC are as 
follows. 
336 
Figuis 9.3. FRUCNC (a) prime [top] and (b) non-prime [bottom] molecules with 50% 
thermal ellipsoids [Gould et d, unpublished] 
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Intermolecular interaction 1.- In Figure 9.3.1. them are close intermolecular contacts 
from the methyl groups C(12) and C(13) of a non-prime molecule to the top face of the 
fructose ring of a prime molecule. Them are also intermolecular contacts from the methyl 
group C(12) of the prime molecule to the methyl group C(13) and the bottom face of the 
oxazopinone ring of the prime molecule. The closest intermolecular contacts [A] between 
these two molecules are as follows. 
C(1 3)O(1 )(x,1 +y,z) 	 3.643(13) 
C(10)"C(12')(x,l+y,z) 3.792(16) 
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Intermolecular interaction 2.- In Figure 9.3.2. there are close intermolecular contacts 
from the edge of the fnictose-ring [C(3), C(4) and 0(4)] and methyl group C(16) of a non-
prime molecule to the edge of the oxazopinone ring [0(8), 0(9) and C(10)] of another non-
prime molecule. The closest intermolecular contacts [A] between these two molecules are 
given below. 
C(l 0)"0(4)(-½+x,1 ½-y ,-z) 
	
3.402(12) 
C(3)0(9)(½+x,1 ½-y,-z) 3.606(12) 
C(4)0(2)(½+x ,l ½-y ,-z) 
	
3.746(11) 
C(4)C(10)Qh+x,l½-y ,-z) 3.748(14) 
0(4)"0(9)0½+x,1'/2-y ,- Z) 
	
3.777(9) 







Intermolecular interaction 3.- In Figure 9.3.3. there are close intemiolcular contacts 
from the edge of a fructose group [C(4') and 0(4')] and methyl group [C(16')] of a prime 
molecule to the edge of the fructose ring [0(2')] and oxazopinone ring [0(9) and C(10')] of 
another prime molecule. The closest intern olecular contacts [A] between these two molecules 




0(4')0(9)(2-x,- 1 2+y ,½-z) 	 3.699(10) 
C(4')C(1 0')(2-x ,-½+y ,½-z) 3.739(14) 
C(4')0(2')(2-x ,-½+y ,½-z) 	 3.771(12) 
C(4')"0(9')(2-x,-½+y ,½-z) 3.776(12) 
0(2')0(4')(2-x,½+y,½-z) 	 3.898(10) 
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Intermolecular interaction 4.- In Figure 9.3.4. there are close intermolcular 
interactions from the bottom face of a fructose group and methyl group [C(12)] of a non-
prime molecule to the methyl groups [C(15') and C(16')] of the protecting group of a prime 
molecule. The closest intermolecular contacts [A] between these two molecules are as 
follows. 
C(15') 0(l)(2-x,- 1/2+y, 1/2-z) 	3.331(15) 
C(l 2)O(8')(2-x,'/2+y,%-z) 3.489(15) 
C(1 2)C( 1 5'X2-x,Y2+y,%-z) 	 3.829(18) 
C( 1 5')"O(22-x,-Y2+y,'/2-z) 3.838(15) 
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Displayed stiuctum 9.4. FRUCNO 
The amidic nitrogen N(7) of FRTJCNO has a 1-propanoyl-oxy-prop-1-enyl 
substituent. The molecular formula of FRUCNO is C 19H27N09. The following structure 
determination was performed by Gould et a! [Gould et a!, unpublished]. FRUCNO 
crystaitizes in the orthorhombic space group rzz with unit ccii cimensions 01 a= 
A, b = 13.006(3) A, c = 34.283(5) A and a volume V = 4193.1(15) A3 . There are eight 
formula units per unit cell, and two unique molecules per asymmetric unit [distiguished as 
the non-prime and prime molecules]. This is a room temperature structure, with a calculated 
density of 1.310 Mg m 3 . The two unique molecules are shown in Figures 9.4. (a) and (b) 
with the numbering scheme used. The only difference between the two molecules is that the 
substituents have different conformations about the bond N(7)-C(17), as shown below. 
prime molecule non-prime molecule 
C(6)N(7)C(17)0(1 8) 96.3(9)° -71.0(11)0 
C(6)N(7)C(17)C(22) -89.0(8)0 114.0(8)0 
C(8)N(7)C(17)C(22) 95 . 9(11)0 98.6(10)0 









1 0 ' c'  0201 
O(8) 
Figures 9.4. FRUCNO (a) prime and (b) non-prime molecules with 50% thermal 
ellipsoids [Gould et d, unpublished] 
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Intermolecular interaction 1.- In Figure 9.4.1. there are close intermolecular contacts 
from the bottom face of the oxazopinone ring and methyl group C(13') of a prime molecule 
to the top face of the oxazopinone ring and methyl group C(15) of a non-prime molecule. 
The closest intermolecular contacts [A] between these two molecules are as follows. 
C(15)*0(9')(-1+x,y,z) 	 3.260(11) 
C(15)O(l5(-1+x,y,z) 3.781(11) 
C(I0)C(l3)(-l+xy,z) 	 3.806(11) 
C(15)C(10')(-1+x,y,z) 3.815(13) 








Intermolecular interaction 2.- In Figure 9.4.2. there are close intermolecular contacts 
from the bottom face of a fructose group of a non-prime molecule to the top face of a 
fructose group of another non-prime molecule. There are also numerous intermolecular 
contacts between the methyl groups of the isopropylidene protecting groups of both 
molecules. The closest intermolecular contacts [A] between these two molecules are as 
follows. 
C(4)"O(lXY2+x,'A-y,1-z) 	 3.564(10) 
O(2)O(6X-Y2+x,'A-y,1-z) 3.734(7) 
C(3)O(6X-Yz+x,'/z-y,1-z) 	 3.775(10) 
C(l2)O(2)(Y2+x,Yz-y,l-z) 3.816(11) 
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Intermolecular interaction 3.- In Figure 9.4.3. there are close intermolecular contacts 
between the methyl groups C(15) and C(16) of a non-prime molecule to a protect diol group 
[C(4'), 0(4'), C(S') and 0(5')] of a prime molecule. The closest intermolecular contact [A] 
between these two molecules is as follows. 
C(16')O(4)(1-x,z+y,Y2-z) 	 3.914(11) 
0(9'a) 
O(S'a) OI1'o) 
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0(1) 	i... 	mn,irn 
0(8) 
C(12) 	 C(13) 0 C(21) 
Figuie 9.43. 
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Intermolecular interaction 4.- In Figure 9.4.4 them are close intermolecular contacts 
from the methyl groups C(15) and C(16) of the isopropylidene protecting group of a non-
prime molecule to the edge of the oxazopinone ring [0(8) and 0(9')] of a prime molecule. 
The closest intermolecular contacts [A] between these two molecules are as follows. 
C(l 5')"0(8)(1 -x,-½+y ,½-z) 	 3.502(11) 
C(16')0(8)(l-x,-½+y,½-z) 3.578(10) 
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Intermolecular interaction 5.- In Figure 9.4.5. them are close intermolecular contacts 
from the top face of a oxazopinone ring of a prime molecule to the bottom face of the 
fructose ring and methyl group C(12') of another prime molecule. The closest intermolecular 
contacts [A] between these two molecules am as follows. 
0(6')"0(9')(2-x, 1/2+y,1/2-z) 3.134(6) 
C(3')0(8')(2-x,½+y, 1 2-z) 3.305(9) 
C4)0(8')(2-x,½+y ,½-z) 3.352(9) 
C(l 0')O(6')(2-x,-½+y ,½-z) 3.406(9) 
C(8)C(1 2')(2-x,- 1/2+y,1/2-z) 3.559(10) 
C(450(9)(2-x, 1/2+y ,½-z) 3.607(8) 
C(8') 0(6')(2-x,- 1/2+y,1/2-z) 3.651(8) 
C(l 2')"0(8')(2-x ,½+y ,½-z) 3.678(9) 
C(5')"0(9')(2-x,½+y,½-z) 3.729(8) 
C(12')O(9')(2-x,½+y,½-z) 3.829(9) 
C(l 2')"0(5')(2-x ,½+y ,½-z) 3.839(8) 
0(6') 0(8')(2-x, 1/2+y,1/2-z) 3.839(7) 
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Displayed stiuctum 9.5. FRUCBZ 
The ainidic nitrogen of FRUCBZ has a 1-keto-3-hydroxy-3-aryl-isobutyl substituent, 
as shown in Displayed structure 9.5. 
Siruciure dtir,ninuiiü,i.- A eol rlss lath shaped crystal waa rnountcd ca a 
fibre, and data were collected on a Stoë Stadi-4 four circle diffractometer using graphite 
monochromated MoKct radiation, at 298 K. The unit cell was determined from accurate 20 
values for 60 reflections with 20 = 24 to 30°. Three standard reflections were collected 
every 60 minutes; no drift was observed. Data reduction was performed with REDU4 [Stöe 
and Cie, 19901, and no absorption corrections were made. Crystal data are given in Table 9.5. 
The space group [P2 1 2 1 2 1 ] was uniquely determined by the systematic absences. The 
structure was solved by automatic direct methods with SHELXS-86 [Sheldrick, 1990]. In the 
trial solution positions for all of the non-hydrogen atoms for one molecule were found. These 
atom positions were refined with isotropic displacement parameters by full-matrix least 
squares with SHELXL-93 [Sheldnck, 1994]. Hydrogen atoms were fixed at idealized 
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positions. The conformation of the hydroxyl hydrogen atom [H(200)] was initially chosen 
using a structure factor calculation to maximise the electron density. The hydrogen atom 
position was then allowed to rotate about the C-O bond in subsequent refinements. 
At final convergence wR 2 = 0.1074 for all data, R 1 = 0.0334 for all the 1369 data 
with 1F01 > 4a(F0), S = 1.045 for 299 parameters. The final AF synthesis showed no peaks 
outside the range -0.21 to 0.13 e A-3 . The hydroxyl hydrogen atom [H(200)] is only involved 
in an intramolecular hydrogen-bond to the nearby carbonyl oxygen atom [0(17)]. The 
geometry of the hydrogen bond is as follows. 
0(20)"0(17) / A 	H(200)0(17) / A 	<0(20)-H(200)0(17) /0 
2.788(6) 	 2.111(27) 	 139.8(25) 
The ring puckering parameters for the fructose ring are: 19% chair with 0(2) pointing 
down; 78% twist boat with axis through C(1) and C(6) pointing up; and 3% boat with 
bowsprit at C(6) pointing up [Crmer at  a!, 1975. Gould et al. 19951 The. ring pucking 
parameters for the oxazopinone ring are: 4% chair with 0(9) pointing down; 48% twist boat 
with axis through C(8) and N(7) pointing up; and 48% boat with bowsprit at N(7) pointing 
down [Cremer et a!, 1975, Gould et a!, 1995]. 
The crystal data tables for FRUCBZ and the intermolecular interactions between the 
parent groups of FRUCBZ are as follows. 
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Data / restraints / parameters 
Goodness-of-fit on 
Final R indices [1F01 > 4cs(F0)] 
R indices (all data) 
Absolute structure parameter 







hOO when h = 2n+1 
0k0 when k = 2n+1 
001 when 1 = 2n±1 
P2 1 2 1 2 1 
a = 8.9092(6) A 
b = 12.3596(6) A 
c = 21.220(2) A 
2336.7(3) A 3 
4 
1.317 Mg m 3 
0.102 mm' 
984 
0.78 x 0.47 x 0.27 mm 
2.53 to 22.500 
0:!~ h<9 
0 :!~ k :5 13 
('I 	1 .- 13 
1770 
1770 
Full-matrix least-squares on 
1769/0/299 
1.045 
R 1 = 0.0334, wR 2  = 0.0930 
R 1 = 0.0551, wR 2  = 0.1074 
3(2) 
0.129 and -0.206 e A 3 
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Table 9.51. Atomic coordinates [x  10'] and equivalent isotropic displacement parameters 
[A2 X iO] for FRUCBZ. U is defined as one third of the trace of the orthogonalized Uij  
tensor. 
X 	 Z 	 Ueq 
C(1) 1378(5) 7041(3) 7029(2) 44(1) 
0(1) 2896(3) 7307 (2) 6921(l) 51(1) 
0(2) 1274 (3) 5952 (2) 7191(l) 47(1) 
 1577(5) 5244(3) 6673(2) 51(1) 
 314(5) 5254(3) 6213(2) 46(1) 
0(4) —938(3) 4709 (2) 6489 (2) 59(1) 
C(S) —296(5) 6412 (3) 6069 (2) 42(1) 
0(5) —1785(3) 6397 (2) 6303(1) 47(1) 
C(6) 579 (4) 7318 (3) 6391(2) 37(1) 
0(6) 1748 (3) 7597 (2) 5987(1) 42(1) 
I'l(7) —433(4) 8273 (2) 6510(2) 38(1) 
C(8) —1419(5) 8212 (3) 7030 (2) 43(1) 
0(8) —2673(3) 8563 (2) 7033(1) 55(1) 
0(9) —847(3) 7725(2) 7537(1) 50(1) 
 767 (5) 7690 (4) 7569 (2) 51(1) 
 3069 (5) 7892 (3) 6344 (2) 47(1) 
 4413 (5) 7468 (4) 5990 (2) 63(1) 
 3143(6) 9081(4) 6458(2) 62(1) 
 —2280(5) 5290 (3) 6326(2) 52(1) 
—1 .7 q (6) Si 64 (S) 6847(2) 71(2) 
 —2856(6) 4929 (4) 5700(2) 73 (2) 
 —855(5) 8927 (3) 5996 (2) 44(1) 
0(17) —633(4) 8605(3) 5460(1) 62(1) 
 —1499(5) 10041 (3) 6117 (2) 44(1) 
 —402(6) 10899 (4) 5872 (2) 70(2) 
 —3037(6) 10096 (4) 5786(2) 55(1) 
0(20) —2881(5) 10066 (3) 5125(2) 104 (2) 
 —3988(5) 11055 (3) 5966(2) 47(1) 
 —4228(5) 11320 (4) 6592 (2) 55(1) 
 —5218(6) 12116(4) 6757(3) 69(2) 
 —6003(6) 12658(4) 6303(3) 76(2) 
 —5766(7) 12426(4) 5683(3) 83(2) 
 —4763(6) 11631 (4) 5511 (2) 66(1) 
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Table 9.53. Bond lengths [A] and angles [0]  for FRUCBZ. 
C(1)-0(2) 1.392(5) 













C(6)-N(7)  1.506(5) 
0(6) -C(11) 1.447(5) 




















C(25) -C(26) 1.378(7) 
0(2)-C(1)-0(1) 109.2(3) 




C(10) -C(1) -C(6) 112.2(3) 












































C(19) -C(18)-C(20) 112.5(4) 
0(20) -C(20)-C(21) 109.2(4) 
0(20) -C(20)-C(18) 111.3(4) 
-C(20)-C(18) 114.8(4) 
-C(21) -C(26) 118.0(4) 
C(22) -C(21) -C(20) 121.1(4) 







Table 9.5.4. Amsotropic displacement parameters [A 2 x 10'] for FRUCBZ. The 
anisotropic displacement factor exponent takes the form: 
it2 [h 	U11 + ... + 2hka* 	U12  I 
U11 	 U22 	 U33 	 U23 	 U13 	 U12 
C(1) 47(3) 50(3) 36(2) 2(2) -3(2) 2(2) 
0(1) 42(2) 67(2) 45(2) 5(2) -9(1) 0(2) 
0(2) 55(2) 49(2) 38(2) 8(1) -3(1) 9(2) 
C(3) 54(3) 40(2) 60(3) 3(2) 2(2) 7(2) 
 55(3) 39(2) 44(2) -1(2) 6(2) 4(2) 
0(4) 55(2) 51(2) 71(2) 15(2) 2(2) -2(2) 
 42(2) 47(2) 36(2) -3(2) 3(2) 3 (2) 
0(5) 41(2) 45(2) 56(2) -3(1) -2(2) 0(1) 
 39(2) 42(2) 31(2) 2(2) 3 (2) 4(2) 
0(6) 37(2) 55(2) 36(1) 3(1) 3(1) 2(1) 
N(7) 41(2) 38(2) 36(2) 0(2) 1(2) 3 (2) 
C(8) 48(3) 42(2) 39(2) -2(2) 2(2) -2(2) 
0(8) 41(2) 64(2) 59(2) 5(2) 9(2) 4(2) 
0(9) 55(2) 58(2) 38(2) 7(1) 8(2) 4(2) 
 62(3) 59(3) 34(2) -1(2) -8(2) 3(2) 
 38(2) 57(3) 46(2) -1(2) -2(2) -3(2) 
 44(3) 84(3) 62(3) -4(3) 3(2) 4(3) 
 58(3) 69(3) 58(3) -10(2) 2(3) -13(3) 
C(14' A_!2) .3(5) u() -5(2) 
 53(3) 76(4) 84(4) 15(3) 5(3) 2(3) 
 70(4) 69(3) 80(3) -14(3) -9(3) -7(3) 
C (17) 44(3) 49(2) 39(2) 2(2) -3(2) 6(2) 
0(17) 77(2) 72(2) 36(2) -2(2) -6(2) 26(2) 
 46(2) 48(3) 39(2) 2(2) -3(2) 5(2) 
 70(4) 61(3) 80(4) 5(3) 12(3) 9(3) 
 61(3) 52(3) 50(3) -7(2) -10(2) 11(2) 
0(20) 118(3) 135(4) 58(2) -31(2) -33(2) 85(3) 
 44(3) 48(2) 50(3) 4(2) 0(2) 3(2) 
 51(3) 58(3) 56(3) -1(2) -7(2) 7(3) 
 65(3) 69(3) 73(3) -11(3) 11(3) 10(3) 
 68(3) 63(3) 97(4) -6(3) 13(3) 28(3) 
 82(4) 74(4) 94(4) 22(3) 0(4) 35(3) 
 71(3) 68(3) 58(3) 6(3) -2(3) 15(3) 
355 
Table 9.5.5. Hydrogen coordinates [x  10 1 and isotropic displacement parameters 
[A 2 x iO] for FRUCBZ. 
X Y Z Ueq 
 1725 (5) 4514(3) 6829 (2) 40 
 2493 (5) 5470(3) 6464 (2) 40 
 614 (5) 4893 (3) 5822 (2) 40 
 -309(5) 6532(3) 5612(2) 40 
 1076 (5) 7365 (4) 7965 (2) 40 
 1167(5) 8420(4) 7553(2) 40 
 4527(5) 7863 (4) 5603 (2) 40 
 4269 (5) 6715 (4) 5898 (2) 40 
 5297(5) 7556(4) 6243(2) 40 
 3258(6) 9451(4) 6063(2) 40 
 3984(6) 9241(4) 6725(2) 40 
 2235(6) 9317(4) 6659(2) 40 
 -4283(6) 5549 (5) 6745 (2) 40 
 -2961(6) 5451 (5) 7229 (2) 40 
 -3605(6) 4411(5) 6904 (2) 40 
 -3751(6) 5325(4) 5598 (2) 40 
 -3079(6) 4170 (4) 5715 (2) 40 
 -2108(6) 5061 (4) 5383 (2) 40 
H(18) -1640(5) 10140 (3) 6571 (2) 40 
 -808(6) 11607 (4) 5947 (2) 40 
 -251(6) 10800(4) 5428 (2) 40 
 541(6) 10829 (4) 6087 (2) 40 
H(20) -3594(6) 9446(4) 5909 (2) 40 
H(200) -2237(31) 9621 (23) 5030 (2) 40 
 -3707(5) 10951 (4) 6905 (2) 40 
 -5358(6) 12289 (4) 7180 (3) 40 
 -6697(6) 13185 (4) 6416 (3) 40 
 -6285(7) 12807 (4) 5375 (3) 40 
 -4607(6) 11481 (4) 5086 (2) 40 
356 
Figum 9.5. FRUCBZ with 50% thermal ellipsoids 
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Intennolecular interaction 1.- In Figure 9.5.1. there are close intermolecular contacts 
from the methyl group C(12) of one molecule to the carbonyl group and methyl groups C(15) 
and C(16) of another molecule. The closest intermolecular contacts [A] between these two 
molecules are as follows. 
C(12)0(8)(1+xy,z) 	 3.668(6) 
C(12)"0(5X1+xy,z) 3.697(6) 
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C)12a) 	 - C)13a) 
Figun 9.5.1. 
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Intermolecular interaction 2.- In Figure 9.5.2. there are close intermolecular contacts 
from the edge of the fructose ring [C(3) and C(4)J of one molecule to the bottom face of the 
oxazopmone ring of another molecule. There are also numerous intermolecular contacts 
between the methyl groups of these two molecules. The closest intermolecular contacts [A] 
between these two molecules are as follows. 
C(l 0)O(4)(-x,½+y ,l ½-z) 3.201(6) 
C(3)0(8)(-x,-½+y ,1 ½-z) 3.575(6) 
0(4)0(9)(-x,-½+y,l 1 2-z) 3.579(4) 
C(3)0(9)(-x ,-½+y ,1 ½-z) 3.592(5) 
0(2)0(8)(-x ,-½+y ,l ½-z) 3.602(4) 
C(3)"C(8)(-x ,-½+y ,1 ½-z) 3.724(6) 














The coordinates of the non-hydrogen atoms of the parent group of FRUCBZ were 
fitted by least-squares onto the parent groups of the other molecules using SHELXTL/PC 
[Sheldrick, 1992]. The results in Table 9.6.1. show that the geometries of the parent groups 
are all quite similar. The only significant deviations are seen about C(8), 0(8), 0(9) and 
COO) for FRUAMD and FRUCNO [note that these atoms were not included in the least 
squares fitting for these molecules as they obviously increase the deviations of the other 
atoms, thus making the fit look worse for the rest of the atoms than it actually is].  This is 
due presumably to the different intram olecular interactions between the 1,3-oxazopinone rings 
and the substituents on N(7) which causes the conformation adopted by the oxazildinone 
rings to be different [Fable 9.6.2.]. Table 9.6.2. reveals that the 1,3-oxazopinone ring has two 
prefered conformations. FRUAMD and FRUCNO adopt a chair/twist conformation, and 
FRUCNC and FRUCBZ adopt a twist/boat conformation [Cremer et a!, 1975; Gould et a!, 
1995]. However, the majority of the parent fragments are similar, thus any discussion about 
the molecular self-recognition of the parent groups is not based entirely on differences in the 
geometries. 
All the intermolecular interactions identified between the parent groups in this series 
of chiral auxiliaries were compared by visual inspection of the intermolecular contacts and 
molecular plots. The greatest number of intermolecular interactions between the parent groups 
were observed for FRUAMD [eight interactions] as it has the smallest substituent [X = H]. 
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Table 9.6.1. Least squares fitting onto FRUCBZ [deviations I A] 
FRUAMD FRUAMD FRUCNC FRUCNC FRUCNO FRUCNO 
non-prime prime non-prime prime non-prime prime 
C(1) 0.141 0.164 0.053 0.044 0.185 0.232 
0(1) 0.359 0.415 0.033 0.029 0.338 0.400 
0(2) 0.205 0.105 0.059 0.053 0.123 0.184 
 0.229 0.162 0.065 0.035 0.082 0.146 
 0.168 0.185 0.041 0.026 0.155 0.216 
0(4) 0.118 0.318 0.017 0.040 0.346 0.352 
 0.052 0.059 0.040 0.055 0.053 0.103 
0(5) 0.096 0.130 0.031 0.060 0.186 0.096 
 0.047 0.069 0.008 0.015 0.092 0.136 
0(6) 0.149 0.193 0.047 0.025 0.140 0.205 
N(7) 0 . 1862 0.270a 0.046 0.033 0.300' 0.401' 
C(8) 1.205 2 1.343a 0 .050 0.046 1.3948 1.444a 
0(8) 2.0602 2.323 8 0.060 0.047 2322' 2.4368  
0(9) 1 .3298 1.4048 0.102 0.072 1.529' 1.525' 
 0.513' 0 .4938 0.072 0.059 0.458' 0.560' 
 0.080 0.081 0.033 0.028 0.077 0.099 
 0.373 0.460 0.111 0.094 0.388 0.490 
 0.169 0.229 0.123 0.069 0.197 0.151 
 0.059 0.065 0.051 0.041 0.073 0.990 
 0.200 0.382 0.130 0.146 0.362 0.456 
 0.178 0.282 0.118 0.083 0.290 0.342 
rms 0.189 0.242 0.071 0.060 0.233 0.266 
'Atoms not included in least-squares fitting 
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FRUCNO and FRUCNC both have approximately half the number of intennolecular 
interactions of FRUAMD [four and five interactions respectively] due to the larger 
substituents spacing the parent groups apart. In contrast, FRUCBZ only has two 
intermolecular interactions. However, there is only one molecule in the asymmetric unit of 
FRUCBZ compared to two in each of the others. Thus the number of intermolecular 
interactions per molecule in FRUCBZ is similar to that for FRUCNO and FRUCNC. 
A high proportion of the intermolecular contacts between the parent groups involve 
the methyl-hydrogens of the isopropylidene protecting groups, and are thus weak van der 
Waals interactions. Thus the methyl groups are hindering the possibility of stronger 
intermolecular interactions between the atoms of the fructose and 1,3-oxazopin-2-one rings. 
Comparison of the intermolecular interactions observed for different molecules only 
revealed one similar pair of interactions, i.e. FRUAMD intermolecular interaction 2 and 
FRUCNC intermolecular interaction 2. The coordinates of the non-hydrogen atoms of the 
parent groups involved in these two interactions were fitted onto one another by least-squares 
using SHELXTL/PC [see Figure 9.6.]. The best fit has a rms deviation of 1.67 A. 
FRUAMD intermolecular interaction 2 and FRUCNC intermolecular interaction 2 are 
both between the edge of a fructose ring [C(3) and C(4)] and the edge of an 1,3-oxazopin-2-
one ring [0(9) and C(10)]. The large rms deviation of the fitted atoms indicates that the 
interaction is only fairly similar by visual inspection, and that the differences are quite 
significant. This interaction is also not observed in the other two structures. Thus it is 
unlikely that the parent group possesses any degree of molecular self-recognition as there are 
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Figum 9.6. 
There is no molecular self-recognition between the parent groups as them are no 
recurrent intermolecular interactions between the parent groups that are strong enough to be 
a driving forte in the crystallization. The methyl groups of the isopropylidene groups are the 
likely contributor to the lack of molecular self-recognition. They are involved in the majority 
of intermolecular interactions observed between the parent groups, but only contribute weak 
van der Waals interactions to the packing forces. 
The different substituents on the am idle nitrogen of the parent groups is another 
probable contributor to the lack of molecular self-recognition. The substituents obviously help 
to disperse the parent groups, thus limiting the number of interactions present. The 
substituents play no part in the only similar pair on interactions observed, as they are the 
furthest groups away from the intermolecular contacts [see Figure 9.6.]. Thus no information 
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SUBROUTINE COORD (X, Y, Z) 
IMPLICIT REAL-8 (A-H 2 O-Z) 
Ca.IMON/M80/PAR(30) ,R(100) ,RM(100) ,u(loo) 
CCMMON/ATCMS/XYZ (3,100) 
DIMENSION X(100) ,Y(100) ,Z(100) 
C STRUCTURE DET OF t-Butyl-N=S=N-t-Butyl 
C C3 SYM IN t-Butyl 
C Pl=<NSN 
C P2= (rNS+rNC+3rCC) /5 












C P15=N1C1C11 TILT 
C P16=N2C2C21 TILT 
C P17=SN1C1C11ACTUAL 
C 	2 3 4 5 	6 	7 	8 	9 10 11 
C S Nl N2 Cl C2 Cli C12 C13 C21 C22 C23 


















PAR8 1=DTOR* ( PAR (8) -f-PAR ( 15) 
PAR82=DTOR*(PAR(8) - (TWO*PAR(15))) 
PAR83=DTOR*(PAR(8)(PAR(16)/TWO)) 

















XYZ (1,2) =PAR21*COS  (PAR1) 
XYZ(2,2)=PAR21*SIN(PAR1) 




CALL SUBST(PAR20,PAR15, ZZ,4, 2,1,62) 
CALL SUBST(PAR21,PAR4,PI,62,4,2,61) 
CALL SUBST(PAR20,PAR16,ZZ,5, 3,1,63) 
CALL SUBST(PAR21,PAR5, P1,63,5,3,64) 
CALL SU13ST(PAR.22,PAR8, PAR12, 4,62,61,6) 
CALL SUBST(PR22, PAR8, PAR121,4, 62,61,7) 
CALL SUBST(PAR22, PAR8,PAR122,4, 62,61,8) 
CALL STJ13ST(PAR22,PAR8,PAR14, 5,63,64,9) 
CALL SU13ST(PAR22,PAR8,PAR141,5, 63, 64, 10) 
CALL SUBST(PAR22,PAR8, PAR142,5, 63, 64,11) 
CALL SUBST (PAR(10) , PAR13, PAR11, 6,4, 62, 12) 
CALL SUBST(PAR(10) ,PAR13,PAR111,6,4,62,13) 
CALL SUBST(PAR(10) ,PAR13,PAR112, 6,4, 62,14) 
CALL SUBST(PAR(10),PAR13,PAR11,7,4,62,15) 
CALL SUBST(PAR(10) ,PAR13,PAR111, 7,4,62,16) 
CALL StJBST(PAR(10) ,PAR13, PAR112, 7,4, 62,17) 
CALL SUBST (PAR (10) , PAR13, PAR11, 8,4, 62, 18) 
CALL SUBST(PAR(10) ,PAR13,PIR111,8,4,62,19) 
CALL SU13ST(PAR(10) ,PAR13,PAR112,8,4,62,20) 
CALL SUBST (PAR(10) , PAR13, P?R11, 9, 5, 63, 21) 
CALL SIJBST(PAR(10) ,PAR13, PAR111, 9,5, 63,22) 
CALL STJ13ST(PAR(10) ,PAR13,PAR112,9,5,63,23) 
CALL SUBST(PAR(10) ,PAR13,PAR11, 10,5,63,24) 
CALL StJBST(PAR(10) , PAR13, PAR111, 10,5,63,25) 
CALL SUBST(PAR(10) , PAR13, PAR112, 10,5,63,26) 
CALL SUBST(PAR(10) ,PAR13,PAR11, 11,5, 63,27) 
CALL SUBST(PAR(10) ,PAR13,PAR111,11,5,63,28) 
CALL SUBST(PAR(10) ,PAR13,PAR112, 11,5,63,29) 
DO 10 1=1,29 
X(I) = XYZ(1,I) 
Y(I) = XYZ(2,I) 




CALL ed92QC(X,Y,Z, 1,3,5, 9,A) 
PAR(18) =-A 
CALL ed92QC(X,Y,Z,2,4, 6, 12,A) 
PAR(19) =-A 
CALL ed92QC(X,Y,Z,2,4, 6, 0,A) 
CALL ed92QC(X,Y,Z,2,4, 7, 0,B) 
CALL ed92QC(X,Y,Z, 2,4,8, 0,C) 
CALL ed92QC(X,Y,Z, 3,5,9, 0,D) 
CALL ed92QC(X,Y, Z, 3,5,11, 0,E) 
CALL ed92QC(X,Y,Z,3,5, 10,0,F) 
PAR(20) =(A+B+C+D+E+F) /6 
Tim 




SUBROUTINE COORD (X, Y, Z) 
IMPLICIT PT*8 (A-H 2 O-z) 
pJ4 
REAL RMX 
Ca+ION/Z80/MIX(900) ,r43x(900) ,RMx(900) ,ux(900) ,Rx(900) ,NRX 
COMMON/ M80/PAR(30) ,R(100) ,RM(100) ,u(loo) 
CG41ON/ATct4S/XYZ (3,100) 
DIMENSION X(100) ,Y(100) ,Z(100) 
STRUCTURAL DETERMINATION OF 3,4 DIBRa'4OSULPHOLANE 
ASSUMING C2V WHEN RING PLANAR 
ORIGIN AT Si 
12345678 9 
S 0 0 C C C C BR BR 
PAR1=MEAN SO 
DAR1=DIFFERENCE SO (A-E) 
PAR2=MEAN CS 
DAR2=DIFFERENCE CS (A-E) 
PAR3=MEAN CScIJr 
PAR (3) =1. 07 *PAR (1) 




DAR4=DIFFERENCE cbrcbr (A-E) 
PARS =MEAN CBR 
PAR (5) =1. 08*PAR(2) 
DARS=DIFFERENCE BR (A-E) 
PAR6=MEAN CH 
PAR7=MEAN OSO PAR(7)=26.75+PAR(8) 
DAR7=DIFFERENCE OSO (A-E) 
PPR8=AN CSC 
DAR8=DIFFERENCE CSC (A-E) 
PAR9=MEAN CBR 
DPR9=DIFFERENCE CBR (A-E) 
PAR10=MEAN SCH 
DAR01=DIFFERCE SCH AXIAL 1 AND 2 
DAR02=DIFFERENCE SH (A-E) 1 




PAR13=DIFFERENCE TWIST (A-E) 
PAR14=CCBR 
PAR15=DIFFERENCE CCCBR (A-E) 
PAR1 6=CSCH 
DAR04=DIFFERENCE CSCH AXIAL 1 AND 2 
DAR05=DIFFERENCE CScH (A-E) 1 
DAROG=DIFFERENCE CScH (A-E) 2 
PAR17=CsbrcbrH 
DAR17=DIFFERENCE CsCbrCbrH (A-E) 
PAR18=percentage of axial 
DEPENDENT PAR(19)=TORSION AX BR-C-C-BR 









































XYZ(1, 2) = (PAR(1)+DAD1/2. 
XYZ (3,2) =- (PAR(1)+DAD1/2 
XYZ(1,3)=- (PAR(1)+DAD1/2 
XYZ(3 , 3)=- (PAR(1) +DAD1/2 
XYZ(2,4)=-(PAR(2)-*-DAD2/2 
XYZ(2, 5)=(PAR(2) +DAD2/2. 
XYZ(3 ,4)=(PAR(2) +DAD2/2. 
XYZ (3,5) = (PAR (2) +DJ'D2/2. 
XYZ(1,6)=(PAR(4)+DAD4/2. 
XYZ (2,6) =- (PAR (4)+DAD4/2 
XYZ (1,7) =- (PAR (4)+DAD4/2 
0) *SIN(0 5* (PAR7+DAC7/2 .0)) 
• 0) *COS (0 . 5* (PAR7+DAC7/2 . 0) ) 
• 0) *SIN(0 5* (PAR7+DAC7/2 . 0) 
0) *COS (0 . 5* (PAR7+DAC7/2 . 0) 
.0) *SIN(0 5* (PAR8+DAC8/2 .0)) 
0) *SIN(0 5* (PAR8+DAC8/2 .0)) 
0) *CO5 (0 . 5* ( PAR8+DACS/2 . 0) 
0) *COS (0.5* (PAR8+DAC8/2 .0)) 
0) *0 .5*(SIN(PAR12+PAR13/2.0)) 
.0) *0 5*cQS(pARl2+pARl3/2 .0) 








&( ( ( (FR(3)+(DAD3/2.0)) )**2)_ 
&( ( ( (XYZ(1,6)) - (XYZ(1,4)) ) **) 
&(( (XYZ(2,6))_(XYZ(2,4)))**2)  )) 
CALL SUBST(PR(5)+DAD5/2. 0, PAR9-i-DAC9/2 .0 
&, PAR14+PAR15/2 .0,6,7,5,8) 
CALL SUBST (PAR (5) +DAD5/2 .0, PAR9+DAQ9/2 .0 
&,PAR14-+-PR15/2.0, 7,6,4,9) 





&-PAR16- (DACO4/2 .0) ,5,1,4,14) 
CALL SUBST(PAR(6),PAR10-(DAC01/2.0)+DAC03/2.0, 
&(PAR16-(DAC04/2.0)),5,1,4,15) 
CALL SU13ST(PAR(6) ,pAR11+DAC11/2.0, 
&(PAR17+DAC17/2.0) ,6,7,5,12) 
CALL SUBST (PAR (6), (PAR11)+(DAc11)/2.0 
(PAR17)+ (DAC17/2 . 0)) , 7, 6,4, 13) 
DO 1 1=1,15 
X(I) = XYZ(1,I) 
Y(I) = XYZ(2,I) 
Z(I) = XYZ(3,I) 
RM(2)=1 o*p(l8)/1o0 .0 
RM(3)=2 .0*PAR(18)/100 .0 
RM(4)=2 . 0*PAR(18)/100 .0 
RM(5)=2.0*PAR(18)/100 .0 
RM(6)=2 . 0*p(18)/100 .0 
1 CONTINUE 
DO 2 1=7,53 
RM(I)=2 .0*PAR(18) /100.0 
2 CONTINUE 
RN (10) =PAR (18) /100.0 
RM(19) =PAR (18) /100.0 
N(41) =PAR(18) /100.0 
RN (42) =PAR(18)/100 .0 
RM(48)=PAR(18)/100.0 
RM(51) =PAR(18) /100.0 
RM(11)=4 . 0*PAR(18) /100.0 
equatorial conformer 
XYZ(1, 17) = (PAR(1) -DAD1/2 .0) *SIN(0 •5* (PAR7-DAC7/2 .0)) 
XYZ(3, 17)=- (PAR(1) -DAD1/2 .0) *C (0.5* (PAR7-DAC7/2 .0)) 








XYZ (1,22) =- (PAR(4) -DAD4/2.0) *0.5* (SIN(-PAR12+PAR13/2.0) 
XYZ(2,22)=(PAR(4)_DZ3D4/2.0)*0.5*COS(_PAR12+PAR13/2.0) 
XYZ(3,21)=(XYZ(3,19))+SQRT 
&( ( ( (PAR(3) - (DAD3/2.0) ) )**2) - 
&( ( ( (XYZ(1, 21) ) - (XYZ(1, 19)) ) **2) + 
&(((XYZ(2,21))_(XYZ(2,19)))**2))) 
xYz(3,22)=(xYz(3,19))+sQRT 
&( ( ( (PAR(3) - (DAD3/2.0)) )**2) - 
&((((XYZ(1,21))_(XYZ(1,19)))**2)+ 
&(((XYZ(2,21))_(XYZ(2,19)))**2))) 
CALL SUBST (PAR (5)-DAD5/2.0,PAR9-DAC9/2.0 
&,PAR14-PAR15/2 .0,21,22,20,23) 
CALL SUBST (PAR (5) -DAD5/2.O,PAR9-DAC9/2.0 
&, PAR14-PAR15/2 .0, 22,21,19,24) 








CALL SU13ST(PAR(6) ,PAR11-DAC11/2.0, 
&- (PAR17-DAC17/2.0) ,21,22,20,27) 
CALL SUBST(PAR(6) , (pAR11)-(DAC11)/2.0 
- ((PAR17) - (DAC17/2.0)) ,22,21,19,28) - 
DO 11 1=16,30 
372 
X(I) = XYZ(1,I)+5.0 
Y(I) = XYZ(2,I)-i-5.0 
Z(I) = XYZ(3,I)+5.0 
11 CONTINUE 
DO 13 1=59,100 
















RMX(4) =2.0*  (100. 0-PAR(18) ) /100.0 
RMX(5)=2.0*(100.0_PAR(18))/100.0 
30 CONTINUE 
CALL ed92QC(X,Y,Z,8, 6,7,9,A) 
PAR(19) =A 
CALL ed92QC(X,Y,Z,23 ,21,22,24,B) 
PAR(20)=B 
CALL ed92QC(X,Y,Z,2, 1,3,0,C) 
PAR(21)=C 
CALL ed92QC(X,Y,Z, 17, 16,18,0,D) 
PAR(22)=D 
CALL ed92QC(X,Y,Z,4, 1,5,0,E) 
PAR(23)=E 




CALL ed92QC(X,Y, Z, 19,21, 22,20,H) 
PAR(26) =H 
99 continue 
Submutines for GED Models 
SUBROUTINE SUBST(D,X,Y,I1,12,13,14) 
IMPLICIT REAL-8 (A-H,o-z) 
C 	ADDS ATOMS BASED ON DIST,ANGLE AND TORSION 
Cc1MON/ATcM9/XYZ (3,100) 
DIMENSION P(3,3),WXYZ(3,4) 
C 	SET UP TEMPORARY ARRAY WITH ORIGIN AT ATOM 1. 
DO 1 J=1,3 
DO 5 1=1,4 
5 WXYZ(J, I) =0. 
WXYZ(J, 2) =XYZ (J, 12) -XYZ (J, Ii) 
1 WXYZ(J,3)=XYZ(J,13)-XYZ(J,I1) 
C 	ROTATION ABOUT Z TO BRING ATOM 2 TO XZ PLANE 
CA=WXYZ (1, 2) 
SA=WXYZ (2,2) 
C 	ROTATION ABOUT NEW Y TO BRING ATOM 2 ONTO POSITIVE X-AXIS 
CB=SQRT (SA*SAfCA*CA) 
SB=WXYZ(3 , 2) 
C 	GONVERT COORDINATE RATIOS TO SIN AND COS VALUES 
CALL NORM (CA, SA) 
CALL NORM (CB,SB) 
C 	ROTATION ABOUT NEW X TO BRING ATOM 3 INTO XZ PLANE 
CG=_SA*WXYZ(1, 3) +CA*WXYZ(2,3) 
SG=.CA*SB*WXYZ(1,3)_SA*SB*WXYZ(2,3)+CB*WXYZ(3,3) 
CALL NORM (CG,SG) 
C 	BUILD MATRIX TO CARRY OUT 3 ROTATIONS 
CALL MATBLD(P, -SA,CA,SB,CB,-SG,CG) 
C 	MULTIPLY BY MATRIX TO ACHIEVE ROTATION 
CALL ROTATE (WXYZ, P, 4) 
C 	ADD IN NEW ATOM BONDED TO 1, ANGLED FROM 2, TORSION 3-2-1-4 
WXYZ(2, 4) =D*SIN(X) *COS(y) 
WXYZ (3,4) =D*SIN(X) *SIN(y) 
WXYZ(1,4)=D*COS(X) 
C 	INVERT MATRIX AND BACKTRANSFORM COORDINATES 
CALL MINV3 (P, DET) 
373 
CALL ROTATE(WXYZ, P,4) 
SHIFT ORIGIN BACK TO ORIGINAL LOCATION 
DO 3 J=1,3 
XYZ(J, 14)=XYZ(J, I1)+WXYZ(J,4) 
101 1 10, 
SUBROUTINE MATBLD(RCYr, SA, CA, SB, CB, SG, CG) 
BUILDS A ROTATION MATRIX 
IMPLICIT REAL-8 (A—H,o—z) 
DIMENSION ROT(3,3) 
ROT (1,1)= CA*B 
ROT(1,2)= _SA*B 
RöT(1,3)= SB 
ROT(2 1)= SA*CG + CA*SB*SG 
ROT (2,2)= CA*CG - SA*SB*SG 
ROT(2,3)= .3*SG 
ROT (3,1)= SA*SG - CA*SB*CG 
ROT (3,2)= CA*SG + SA*SB*CG 
ROT (3,3)= CB*CG 
loillf 
SUBROUTINE MINV3 (A, D) 
INVERTS 3*3  MATRIX 
IMPLICIT REAL*8 (A—H,o—z) 











3) =A(2, 1) *A(1, 3) —A(1, 1) *A(2,  3) 
3) =A(1, 1) *A(2, 2) —A(2, 1) *A(1,  2) 
DO 1 1=1,3 
DO 1 J=1,3 
A(I,J)=B(I,J)/D 
Ii 
SUBROUTINE NORM (B, C) 
C 	NORMALISES TWO NUMBERS 
IMPLICIT REAL*8 (A—H,o—z) 
A=SQRT (B*B+C*C) 










SUBROUTINE ROTATE (XYZ,ROT, N) 
C 	APPLIES ROTATION MATRIX 
IMPLICIT 	(A—H 2 O—Z) 
DIMENSION XYZ(3,7),ROT(3,3),X(3) 
DO 2 I=1,N 
DO 1 J=1,3 
X (J) =0.0 
DO 1 K=1,3 
1 X(J)=X(J) +ROT(J,K) *y  (K, I) 
DO 2 J=1,3 




JIKLCON FORTRAN-90 Pmgnim 
PROGRAM CONVERT HKL 
!converts .hkl riles e.g. new h = O*h + 0.33*k 1l 
!to compile: epcf90 -o hklcon.f90 
!to run: hklcon 
llik~*MZDS 0D 
HARAQTER (LEN=6) :: }LNAME 
CHARACTER :: F 
REAL :: I,S 
INTEGER :: H,K,L,M,IERROR,ENEWI,KNEWI,LNEWI,C32 
real :: HH,HK,HL,KH,KK,KL,LH,LK,LL,IINEW,KNEW,LNEW 
WRITE (UNIT=6, FMT= ("ENTER HKL FILE 6 CHARACTER CODENNVIE <codenm>: 
READ (uNIT=5, FMI=" (A) ") HKLNAME 
WRITE(UNIT=6, FMT=*)"INPUT REAL e.g. -1, OR INTEGERS e.g. 0.333" 
WRITE (UNIT=6 , FMT= ("CONTRIBUTION TO NEW H FROM OLD H =0W H*?: 
READ(tJNIT=5, FMI=")HH 
WRITE (UNIT=6 , FMI= ("CONTRIBUTION TO NEW H FROM OLD K =0W K* :  
READ (UNIT=5, FMF=*) }j( 
WRITE (UNIT=6 , 	 ("CONTRIBUTION TO NEW H FROM OLD L =0W L*? :  
READ (UNIT=5, *) HL 
WRITE (UNIT=6 , FMI=' ("CONTRIBUTION TO NEW K FROM OLD H =0W H*? :  
READ (TJNIT=5,FMT=-) KH  
WRITE (UNIT=6, R"TI=' ("CONTRIBUTION TO NEW K FROM OLD K =0W Kb?: 
READ (UNIT=5, 	*) KK 
WRITE (UNIT6, FMI'=' ("CONTRIBUTION TO NEW K FROM OLD L =0W L*? :  
READ (tJNIT=5, FM=*) yj 
WRITE (UNIT=6, FMT=' ("CONTRIBUTION TO NEW L FROM OLD H =0W H*?: 
READ (UNIT=5, F!vlT=*) LH 
WRITE (UNIT=6, FlvTT=' ("CONTRIBUTION TO NEW L FROM OLD K =0W K*?: 
READ (UNIT=5, g=*)  LK 
WRITE (UNIT=6, 1M1'& ("CONTRIBUTION TO NEW L FROM OLD L =0W L*? :  
READ(UNIT=5, 	fl*) 
WRITE(UNIT=6, FMI=' ("INTEGER CODE IN COLUMN 32?:  
READ (UNIT=5, FMr=*)C32 
OPEN(UNIT=1, FILE=HKLNAME//' .hkl') 








READ(UNIT=1, FTvTT=*, IOSTAT=IERROR)H,K,L,I,S 
IF (IERROR 1= 0) THEN 
WRITE (UNIT=6, FI4T=*)  'END OF JOB FILE codenm . NEW HAS BEEN CREATED' 
GYEO 10 
ENDIF 
ENEW= (iH) + (HK*K) + (HL*L) 
KNEW= (H) + (yJ*K) + (y*L) 
tNEW= (LH*H) + (u(*K) + (LL*L) 
!CONVERT REAL TO INTEGERS 




this corrects for integers with decimals >=0.5 i.e. 1.9 = 2 
if (hnew-hnewi >= 0.5) then 
hnewi=hnewi+1 
endi f 
if (lnew-lnewi >= 0.5) then 
lnewi=lnewi+1 
endif 
if (knew-knewi >= 0.5) then 
knewi=knewi+l 
endif 
if (hnew-hnewi <= -0.5) then 
hnewi=hnewi-1 
endif 













HOLE FORTRAN-77 Pmgnim 







CctIMON/ATcMS/NA, NAR, 1W (7) , WXYZ (3,500), 
$P(3,3),Q(3,3),DC(24,3),IL, 
$JUMP, IV,CV,LIS, IMODFL,NS,NLAT, ICENT,NAT, IEXNM, 
$CELL(6) ,VAXES(6,3) ,VVC(6) ,GRID(3) ,NP,IDBDE,IBATH,JOPT, 
$XYZ (3,500) ,W(500) ,RAD (500) , IND (500) ,NTYLAG, ICSFU3 
CavIMON/FILL/OXYZ(3,1000),IWSHAR(500),TL(4,3) ,T(24,3), 
$IR(24,3,3) ,ITABSN,NAN,NANGLE,NAW,NDOL,INTERN,NUEI, 
$NEISTO(100),NCELL,IMARK(500) ,IMARXN,ISYMCS(0:100) ,ISHAR(l000) 
CcI4MON/IO/IN, iout, lout, IKE?, ISCR, ISHEL, IHAND 
conon/stuf f/ea, eb, ec 
integer el,e2,e3 





do 3 i=l,3 
do 2 j=1,3 
2 ir(l,i,j)=O 







WRITE (ISCR, 9) 
9 FORMAT(' 	 HOLES, Version of 19.1.95,'! * 	f OR lIVERPOOL STRUCTURES' / 
R.O. Gould and P. TrICKEY, University of Edinburgh') 
WRITE (ISCR,' (P30)') 	' INPUT FILE NAME FOR HOLES: 
READ (IKE?, ' (A20) ') 	FILE 
OPEN (IN, FILE=FILE) 
OPEN(IOUT, FILE= 'holes.lst' , FORM= ' FORMATTED') 
OPEN(lout, FILE= 'holes. ins' , FORM=' FORMATTED') 
WRITE(IOUT, 9) 
TITLE='Data from file: 	'//FILE 
DO 11 1=1,3 














write(6,' (a40)') 'number of 0.5A diva along cell edge a' 
READ(IKEY, ' (i2) ') 	el 
write(6,' (a40)') 'number of 0.5A divs along cell edge b' 
READ(IKEY, ' (i2) ') 	e2 
write(6,' (a40)') 'number of 0.5A diva along cell edge c' 
376 
READ(IKEY, (i2) ') e3 
drnin=0 .75 
write (iout, (a4,i4,a4,i4,a4,i4) ') 'el ,el, 'e2' ,e2, 'e3' ,e3 
write (iout, (a4,f8.4) ') 'drnin' ,dmin 
do 40 ss=0,e3 
DO 30 tt=0,e2 
DO 20 uu=0,el 
nXYZ(l,nx)=uu 
nxyz (2,nx) =tt 
nxyz (3, nx) =ss 








DETERMINES FULL CONTENTS OF UNIT CELL 
Cct1MON/IO/IN, iout, lout, IKEY, ISCR, ISHEL, IHAND 
COMMON/NAMES/NAME(500) 
CctvON/ATa4S/NA,NAR, IW(7) ,WXYZ (3,500), 
$P(3,3),Q(3,3),DC(24,3),IL, 
$JTJMP, IV, CV, LIS, IMODFL, NS,NLAT, ICENT,NAT, IEXNM, 
$CELL(6) ,VAXES(6,3) ,WC(6) ,GRID(3) ,NP,IDBMDE,IBATcH,JOPT, 





COMMON /IOGiPN/ IIPNT, IOPNT, IIG1N, lOGiN, IERRNM, IICST, IOCST 
DIMENSION RXYZ(3) ,SXYZ(3) ,TXYZ(3) ,ISHF(3) 
GJARACTER*3 0 IES*2 
GIARACIER*3 0 SYMOUT 
Nl=l 
NAT=l 




DO 10 L=l,NLAT 
DO 10 N=l,NS 
DO 1 J=l,3 
TXYZ(J)=T(N,J)+TL(L,J) 
DO 1 K=l,3 
1 TXYZ (J) =TXYZ (J) +RXYZ (K) *IR  (N, J, K) 
DO 10 IC=l,ICENT+l 
IES='® 
DO 2 J=l,3 
IX=INT (TXYZ (J)) 
IF(TXYZ(J) .LT.0) IX=IX-1 
SXYZ (J) =TXYZ (J) -IX 
ISHF(J)=3-IX 
IF(SXYZ(J) .GT.0.99999) THEN 
SXYZ (J) =0.0 
ISHF (J) =1SHF (J) -1 
ENDIF 
2 CONTINUE 
DO 3 J=l,3 
OXYZ (J, NAT) = 0 
DO 3 K=l,3 
3 OXYZ(J,NAT)=OXYZ(J,NAT)+SXYZ (K) *Q(J,K) 
IF(NAT.EQ.N1) GOTO 6 
DO 5 J=Nl,NAT-1 
X=0.0 
DO 4 K=l,3 
x=X+ (OXYZ(K,J) -OXYZ(K,NT) ) **2 
IF(X.GT.0.01) GO TO 5 
4 CONTINUE 
GO TO 8 
5 CONTINUE 
6 ISHR(NAT)=ISHF(l)+8*(ISHF(2)+8*(ISHF(3)+8*(L_l+4*(N_l+24*IC)))) 
WRITE(IOut,7) (SXYZ(J) ,J=l,3), (OXYZ(J,NAT) ,J=l,3), 
*IES SYMOUT (ISHAR (NAT)) 
7 FoRM7a'(2x,3F8 .4,2X,3F7 .3,2X,A2,A25) 
NP,T=NAT+1 
8 DO 9 J=1,3 
9 TXYZ(J)=-TXYZ(J) 
10 CONTINUE 
WRITE(IOut, 11) NAT-NI 





WRITE (lOut, 13) NAT 
13 FORMAT (lx, 14, ATOMS IN ENTIRE CELL) 
L---1 
DO 14 I=NAT+1,NT+8 
L--L+1 
SXYZ(l) =L/4 
SXYZ(2) = (L_L/4*4)/2 
SXYZ(3) =L_L/2*2 
DO 14 J=1,3 
OXYz(J, I)=0 .0 
DO 14 K=1,3 
14 OXYZ(J, I)=OXYZ (J, I) +SXYZ (K) *Q(J,K) 
RETURN 
END 
SUBROUTINE FRACL (N, FXYZ) 
RECONVERTS ORTHOGONAL TO FRACTIONAL COORDINATES 
COMMON/NAMES/NAME(500) 
Cct1MON/xrc1S/NA,NAR, IW(7) ,WXYZ (3,500), 
$P(3,3),Q(3,3),DC(24,3),IL, 
$JUMP, IV, CV, LIS, IMODFL, NS, NLAr, ICENT, NAT, IEXNM, 
$CELL(6) ,VAXES(6,3) ,VVC(6) ,GRID(3) ,NP,IDBMDE,IBATcH,JOPT, 












SUBROUTINE FRACn (N, FXYZ) 
RECONVERTS ORTHOGONAL TO FRACTIONAL COORDINATES 
common/xatom/nx,nxyz(3,10000) ,sp,dmin,nnx,mxyz(3,10000) 
CcXvIMON/ATcMS/NA,NAR, IW(7) ,WXYZ (3,500) 
$P(3,3),Q(3,3),DC(24,3),IL, 
$JUMP, IV, CV, LIS, IMODFL, NS, NLAT, ICENT, NAT, IEXNM, 
$CELL(6) ,VAXES(6,3) ,VVC(6) ,GRID(3) ,NP,IDBMDE,IBATH,JOPT, 
















$JUMP, IV, CV, LIS, IMODFL,NS,NLAT, ICENT, NAT, IEXNM, 
$CELL(6),VAXES(6,3),VVC(6),GRID(3),NP,IDBMDE,IBATH,JOPT, 





CcMMON/IO/IN, iout, lout, IKEY, ISCR, ISHEL, IHPND 
REAL ARGS(7) 
11=1 
15 CALL RDLINE(CODE,ARGS) 
if(code.eq.'LATT') then 
nlat=int (arge (1)) 
call latice 
go to 15 
endif 
IF(CODE.EQ.SYrM')go to 15 
IF(CODE.EQ.'TITL')GO TO 15 
IF(CODE.EQ. END ) RETURN 
IF(CODE.EQ. 'CELL)THEN 
CALL UNTCEL (ARGS) 




NPME (NA) =CODE 
DO 35 1=1,3 
xYZ(I,NA)=0. 
DO 35 J=1,3 
IF(RGS(J) .GT.5.0.AND.ISHEL.EQ.1)ARGS(J)=ARGS(J) -10. 
35 XYZ(I,NA)=XYZ(I,NA)+ARGS(J)*Q(I,J)*II 
WRITE (lOUT, 38) NAME (NA) , (ARGS(J) ,J=1,3) , (XYZ(J,NA) ,J=1,3) 
WRITE(1out,39)NME(NA), (ARGS(J) ,J=1,3) 
38 FORMAT(1X,A4,2X,3F8.4,3X,3F8.3) 
39 FORMAT(A4,' 	1',3F9.4,' 11.00000 0.01') 
GO TO 15 
END 
SUBROUTINE LPTICE 
C 	INPUT LATTICE TYPE AND CENTRICITY 
Cc?+ION/IO/IN, iout, lout, IKEY, 15CR, ISHEL, IHND 
Ca1ON/PrcMs/NA,NAR, IW(7) ,WXYZ (3,500), 
$P(3,3),Q(3,3),DC(24,3),IL, 
$JUMP, IV, CV, LIS, IMODFL, NS, NLAT, ICENT,NAT, IEXNM, 
$CELL(6) ,VAS(6,3) ,VVC(6) ,GRID(3) ,NP,IDBMDE,IBATCH,JOPT, 




CaVIMON/IOcHPN/ IIPNT, IOPNT, IIcHN, IOCEN, IERRNN, IICST, IOCST 
SB(7) 
DATA SB/'P' , 'I', 'R' , 'F', 'A', 'B', 'C'! 
write(lout, ' (a8,i2) ') 'LPTT 	' ,nlat 
DO 1 1=1,3 
TL(1,I)=0.0 
DO 1 J=2,4 
1 TL(J,I)=0.5 
TL(3 , 2) =0.0 







goto(9, 9,7,6,3,3, 3)nlat 
3 TL(2,nLAT-4)=0 
4 CONTINUE 
5 GO TO 9 
6 CONTINUE 
TL(2, 1) =0 
GO TO 9 
7 CONTINUE 




IF(ICENT.EQ.0) WRITE(IOut,10) SB(nLAT) 
IF(ICENT.NE .0) WRITE(IOut,11) SB(LAT) 
10 FORMAT( , ACENTRIC LATTICE OF TYPE ',Al) 




SUBROUTINE NEIBOR (DMT, i) 
C 	DETERMINES NEIGHBOURS OF AN ATOM 
conimon/stuf f/ea, eb, ec 
COMMON/NAMES/NAME(500) 
Ccf4MON/ATaVTS/NA,NAR,Iw(7) ,WXYZ (3,500), 
$P(3,3),Q(3,3),DC(24,3),IL, 
$J1JMP, IV, CV, LIS, IMODFL, NS , NLAT, ICENT,NAT, IEXNM, 
$CELL(6) ,VAXES(6,3) ,VVC(6) ,GRID(3) ,NP,IDEv1DE,IBATH,JOPT, 
$XYZ (3,500) ,W(500) ,RAD (500) ,IND (500) ,NTYTAG,ICSFLG 
CMMON/FILL/OXYZ(3,1000),IWSHAR(500),TL(4,3),T(24,3), 
$IR(24,3,3) ,ITABSN,NAN,bThNGLE,NAW,NDOL,INTERN,NUMNEI, 
$NEISTO(100),NCELL,IMARK(500) ,IMARKN,ISYMCS(0:l00) ,ISHR(1000) 
GiARP,C'I'ER*4 NPME, xnaxne 
coinon/xatom/nx,nxyz (3, 10000) , sp,dmin,nrix,mxyz (3, 10000) 
Cct'IMON /IOHPN/ IIPNT, IOPNT, IICHN, IOCHN, IERRNM, IICST, IOCST 









do 1 qone=1,3 
mxyz(qone,i)=0.0 












if(xnaxne(1:1).eq.'N 1 ) DOFF=1.5 
if(xname(1:1).eq. 1 0 1 ) DOFF=1.5 
ndmin=dmin+doff 
12=IND (J) 
DO 200 K=I1,12 
DX=mxyz(1, I)-OXYZ(1,K) 
DO 210 IX=-NCELL,NCELL 
D1=DX+IX*Q(1, 1) 
IF(Dl.GT.ndmin.or.dl.lt .-ndmin) GO 210 
DY=mxyz(2,I) OXYZ (2,K) +IX*Q(2,  1) 
DO 220 IY=-NCELL,NCELL 
D2=DY+IY*Q(2, 2) 
IF(D2.GT.ndmin.or.d2.1t.-ndrnin) GOTO 220 
DZ=rnxyz(3,I)_OXYZ(3,K)+IX*Q(3,1)+IY*Q(3,2) 
DO 230 IZ=-NCELL,NCELL 
D3=DZ+IZ*Q(3 3) 
IF(D3.GT.ndmin.or.d3.1t.-ndmin) GOTO 230 
D=SQRT (D1*D1+D2*D2+D3*D3) 










write(6,555) 'hole at' ,nx, x' ,mxyz(1,nx) ,mxyz(2,nx) ,mxyz(3,nx) 
call fracn(i,txyz) 
write(6,555) 'frac co' ,nx, 'x' ,txyz(1) ,txyz(2) ,txyz(3) 
write(iout,555) 'hole' ,nx, 'x' ,mxyz(1,nx) ,mxyz(2,nx) ,mxyz(3,nx) 
write(iout,555) 'frac' ,nx, 'x' ,txyz(1) ,txyz(2) ,txyz(3) 
555 foxmat(a8,i4,a1,1x,3f10.5) 
call refine (nx,mxyz) 
nx=rix+ 1 
END 
SUBROUTINE neiref (i) 
C 	DETERMINES minimum radii of holes 
common/refs/optd, refxyz (3,10000) 
COMMON/NAMES/NAME(500) 
Ccf.IMON/ATcMS/NA,NAR,IW(7) ,WXYZ (3,500), 
$P(3,3),Q(3,3),DC(24,3),IL, 
$JUMP, IV, CV, LIS, IMODFL,NS,NLAT, ICENT,NAT, IEXNM, 
$CELL(6) ,VAXES(6,3) ,WC(6) ,GRID(3) ,NP,IDBMDE,IBATH,JOPT, 





COMMON /IOGiPN/ IIPNT, IOPNT, II, IOHN, IERRNM, IICST, IOCST 
Cav4ON/IO/IN, iout, lout, IKEY, ISCR, ISHEL, IHAND 
REAL DOFF, ndmin, refxyz 
DOFF=1.5 
100 11=1 





if(mame(1:1).eq. 1 0 1 ) DOFF=1.5 
ndmin=optd+doff 
12=IND (J) 
DO 200 K=I1,12 
DX=refxyz(1, I) -OXYZ(1,K) 
DO 210 IX=-NCELL,NCELL 
D1=DXiIX*Q(1, 1) 
IF(D1-doff.GT.optd.or.dl+doff.1t.-optd) GOTO 210 
DY=refxyz(2, I) _OXYZ(2,K)+IX*Q(2, 1) 
380 
DO 220 IY=-NCELL,NCELL 
D2=DY+IY*Q(2, 2) 
IF(D2-doff.GT.optd.or.d2+doff.1t.-optd) GOTO 220 
DZ=refxyz(3,I)_OXYZ(3,K)+IX*Q(3,1)+IY*Q(3,2) 
DO 230 IZ=-NCELL,NCELL 
D3=DZ+IZ*Q(3, 3) 
IF(D3-doff.GT.optd.or.d3+doff.1t.-optd) GcYI'O 230 
D=SQRT (D1*D1+D2*D2+D3*D3) 












FLUSHES OUTPUT BUFFER 
CHARACTER* 10 FORcHR 
JC*80 BUFI , EUFO 
HRACTER*15 PMTEXT 
COMMON /IOHAR/ BUFI , BUFO, PMTEXT 
COMMON /IoHpN/ IIPNT, IOPNT, IIGfl, IOHN, IERRNM, IICST, IOCST 
IF(IOPNT.LT .2) THEN 
WRITE(IOC}, 12) 
12 FORMAT (lx) 
RETURN 
ENDIF 
WRITE(FORcHR, 10) IOPNT-1 
10 FORMAT(' (1H A',12,')') 
WRITE (IOC}, FORCHR) BUFO 
IOPNT=1 
END 
SUBROUTINE PRINTS (5, L) 
ADDS A CHARACTER VARIABLE OF LENGTH L TO OUTPUT BUFFER 
HARACTER*l S(L) 
CHARACTER-80 BUFI , BUFO 
HARACTER*15 PMPEXT 
COMMON /IOG{AR/ BUFI , BUFO, PMI'EXT 








IF(IOPNT+IL.GT.81) CALL NEWLNE 




SUBROUTINE RDLINE (CODE, ARGS) 
CHARACTER-72 TITLE, LINE*76 
HARATER*4 CODE, SHELWD (71) 
COMMON/NAMES/NAME(500) 
Cct1MON/ATav1S/NA,NAR,IW(7) ,WXYZ (3,500) 
$P(3,3),Q(3,3),DC(24,3),IL, 
$JUMP, IV, CV,LIS, IMODFL,NS,NLAT, ICENT,NAT, IEXNM, 
$CELL(6) ,VAXES(6,3) ,VVC(6) ,GRID(3) ,NP,IDBMDE,IBATcH,JOPT, 
$XYZ(3,500) ,W(500) ,RAD(500) ,IND(500) ,NTYTAG,ICSFLG 
CaVIMON/FILL/OXYZ(3,1000),IWSHAR(500),TL(4,3),T(24,3), 
$IR (24,3,3) , ITABSN,NAN, NANGLE, NAW, NDOL, INTERN, NUMNEI, 
$NEISTO(100),NCELL,IMARK(500) ,IMARKN,ISLMCS(0:100),ISHAR(1000) 
CCM1ON/IO/IN, iout, lout, IKEY, ISCR, ISHEL, IHAND 
REAL ARGS (7) 




* 	'WGHT''FVP,R''BOND'.'CONF'.'MPLA'.'LIST'. 'FM AP'.'GRID'. 
* 'PLAN';MOLE','ACTA';'END','DISP','LAUE','RE4','MORE' 
'TIME', 'SHEL', 'BASF', 'TWIN', 'SWAT', 'SPEC', 'RESI', 'RTAB' 
* 	'EXYZ', 'EADP', 'BUMP', 'SADI', 'CHIV' , 'DELtJ', 'SIMIJ', 'DEFS' 
* 
	
, 'CGLS' , '5LIM' , 'WPDB' ,  
IC0=IcHAR( '0') 
1 READ(IN,2,END=99)CODE,LINE 









if(code.eq. 'LArT') iarg=0 
if(code.eq. 'S 4') CALL S24MRD(LINE,IFL3) 
IF(CODE.EQ.'END ') RETURN 
IARG=3 
IF (CODE. EQ. 'CELL') IARG=6 
DO 3 1=5,71 
IF(CODE.EQ.SHELWD(I))GO TO 1 
3 CONTINUE 
IF (CODE. NE . 'Pra4') GO TO 19 
10 IF(LINE(J+1:J+1).NE.' ') GO TO 15 
J=J+1 
IF(J.GT.76) GO TO 99 
GO TO 10 
15 CODE=LINE(J-i-1 :J+4) 
J=J+4 





20 IF(LINE(J+1:J-+-1).NE.' ') GO TO 21 
J=J+1 
IF(J.GT.76) GO TO 30 
GO TO 20 
21 CONTINUE 





IF(J.GT.76) GO TO 30 
IF(LINE(J:J).EQ.'-')GO TO 29 
IF(LINE(J:J).EQ.' ')GO TO 30 
IF(LINE(J:J) .EQ.'.') ID=2 
IX=ICHAR(LINE(J:J)) -ICO 
IF(IX.LT.0.OR.IX.GT.9) GO TO 22 
GO TO (23,24),ID 
23 X=10*X+IX 
GO TO 22 
24 X=X+IX*XD 
XD=0 . 1XD 














CcM4ON/IO/IN, iout, lout, IKEY, ISCR, ISHEL, IHAND 
common/xatom/nx,nxyz(3,10000) ,sp,dmin,nnx,mxyz(3,10000) 
Cav'4oN/ATccv1S/NA,NRIW(7) ,WXYZ (3,500), 
$P(3,3),Q(3,3),DC(24,3),IL, 
$JUMP, IV, CV, LIS, IMODFL,NS,NLAT, ICENT,NAT, IEXNM, 
$CELL(6) ,VXES(6,3) ,WC(6) ,GRID(3) ,NP,IDBMDE, IBPTH,JOPT, 
$XYZ (3,500) ,W(500) ,RAD (500) ,IND (500) ,NTYTG,ICSFLG 
CaVIMON/FILL/OXYZ(3,1000),IWSHAR(500),TL(4,3),T(24,3), 
$IR(24,3,3) ,ITABSN,NAN,NANGLE,NAW,NDOL,INTERN,NUMNEI, 
$NEISTO(100),NCELL,IMPRK(500) ,IMARKN,ISYMCS(0:100) ,ISHAR(1000) 
common/refs/optd,refxyz(3, 10000) 
real refxyz,optd,delt,pos(2) ,delta(4),mxyz,txyz(3) 
real bat (3, 10000) ,compx,coy,compz,comp 
integer change, count, dracula, man 




refxyz (1, mx) =mxyz (1, mx) 
refxyz (2 , mx) =mxyz (2 , mx) 
refxyz (3 ,nx) =mxyz (3 ,nx) 
382 
call neiref(nx) 
05 (1) =optd 
do 200 dracula=2,4 
1 change=l 
direct=i 
do 100 change=1,3 
delta(l) =0.0 
delta(2)=0.0 















if (count .gt .100) then 
write (6, (a40) ') 100 cycles refinement stopped 
goto 300 
endif 
if (poe (2) .gt.pos(l)) then 
pos(l) =pos (2) 
mxyz(1,nx)=refxyz(l,nx) 











if (pos (1) .lt.1.25)then 
write (6, (a40,/) ')'hole rejected refined radius it 1.25A' 
write (iout,' (a40,/) ') 'rejected refined radius lt 1.25A' 
goto 500 
endif 
do 350 i=1,3 
bat(i,man)=mxyz(i,nx) 
350 continue 
do 360 i=l,man-1 
compx=bat (1,man) -bat(1, i) 
if(compx.gt.0.i.or.conipx.1t.-0.1) goto 355 
compy=bat (2 ,man) -bat (2, i) 
if(compy.gt.0.1.or.compy.1t. -0.1) goto 355 
compz=bat (3 ,man) -bat (3, i) 
if(cotrz.gt.0.1.or.compz.1t. -0.1) goto 355 
comp=sqrt (conipx*compx+compy* cornpy+conrpz* compz) 
if(comp.1t.0.1) then 
write(6, 1 (a30,i4,/) 1 ) 1 within 0.1A of refined hole no.',i 






write (6,' (a20,i4) ') 'REFINED HOLE NUMBER ',man 
write (9,' (a20,i4) ')'REFINED HOLE NUMBER ',man 
write (6,' (a20,3f8.4) ') 'refined coords', (nixyz(i,nx) ,i=l,3) 
write(9, (a20,3f8.4) ') 'refined coords' , (mxyz(i,nx),i=1,3) 
write (iout,' (a20,3f8.4) ') 'refined coords', (mxyz(i,nx) ,i=l,3) 
call fracn (nx, txyz) 
write (9,' (a20,3f8.4) ') 'frac coords' , (txyz(i),i=l,3) 
write(6, 1 (a20,3f8.4) 1 ) 1 frac coords 1 ,(txyz(i),i=1,3) 
write(iout, (a20,3f8.4) ') 'frac coords' , (txyz(i) ,i=1,3) 
write (lout,400)man, (txyz(i) ,i=1,3) 
write (6,' (a25,f8.4,/) ') 'refined radius of hole' ,pos(1) 
write(9,'(a25,f8.4,/) 1 ) 1 refined radius of hole',pos(l) 
write(iout, ' (a20,f8.4,/) ') 'radius of refined hole' ,pos(1) 




SUBROUTINE SLNMAN (ICR, T, SFIELD, IFAIL) 
383 

















DO S J=1,3 
5 IcR(J)=0 
10 1=1+1 
IF(I.EQ.11) GOTO 600 
cHAR=SFIELD (1:1) 
DO 20 J=1,8 
20 IF(cHAR.EQ.SYMBOL(J)) GOTO 21 




IF((ISLI4.EQ.0) .AND.(IPTM.EQ.0)) THEN 
IF(NUM.NE .0) GOTO 99 
NtJM=ICHPR (CHAR) -IZER 
ENDIF 
IF(ISU4.EQ.1) THEN 
IF(IDENM.NE .0) GOTO 99 




FRS=FRS+ (IcHAR(HP,R) -IZER) *}Ir,p 
END IF 
GOTO 10 
100 IF(IPLI"IN.EQ. -1) GOTO 99 
IPLMN=- 1 
GOTO 10 
200 IF(IPLIvIN.EQ.-1) GOTO 99 
IPLIVIN=1 
crro 10 










500 IF(IPIJ"IN.EQ.0) GOTO 99 
J=J-5 
IR (J) =1*IPLNN 
IPLIVIN=0 
GOTO 10 
600 IF(NSM.EQ.0) GOTO 99 
IF(ISLM.EQ.1) THEN 








SUBROUTINE SYMMRD (SLINE, IFLAG) 
READS A SYMMETRY OPERATION 
CaMON/NAMES/NP1'4E (500) 
CcMMON/ATct4S/NA,NAR,IW(7) ,WXYZ (3,500), 
$p(3,3),Q(3,3),DC(24,3),IL,, 
$JUMP, IV,CV,LIS, IMODFL,NS,NLAT, ICENT,NAT, IEXNM, 
$cELL(6) ,VAXES(6,3) ,VVC(6) ,GRID(3) ,NP,IDBMDE,IBATG1,JOPT, 





Cct'IMON/IO/IN, iout, lout, IKEY, ISCR, ISHEL, IHAND 
CHARACTER- 80 BUFI , BUFO 
pJQ*5 PMI'EXT 
COMMON /IOCEAR/ BUFI , BUFO, PMTEXT 
COMMON /IOdHPN/ IIPNT, IOPNT, IIcHN, IOcHN, IERRNM, IICST, IOCST 







DO 10 IFIN=76,1,-1 
IF(SYMCAR(IFIN:IFIN) .EQ. ') GO TO 10 
GO TO 12 
10 CONTINUE 





DO 20 J=ISTART,76 
IF (SYMCAR(J:J).NE.',')GO TO 20 
IEND=J- 1 






SFIELD (1: ILEN) =SMCPR (ISTART: lEND) 
CALL SYMMAN(ICR,TLC,SFIELD, IFAIL) 
IF(IFAIL.NE .0) GOTO 99 
DO 40 J=1,3 
40 IR(NS,I,J)=IR(J) 
T(NS, I) =TLC 
30 CONTINUE 
42 WRITE(IOut,45) SLMCAR(1:50) 
45 FORMAT (' SYM OP ACCEPTED: ,A50) 
IF(LIS.EQ.0) WRITE(IOut,46) ((IR(NS,I,J),J=1,3),T(NS,I),I=1,3) 
46 FORMAT(3(1X,3I3,F8.4,/)) 
52 WRITE(10ut,55) SYMCAR(1:50) 
55 FORMAT ( SYMM ',A50) 
DO 47 1=1,3 
IF(T(NS,I).NE.T(l,I)) RETURN 
DO 47 J=1,3 





99 RITE(IOut,48) SYMCAR(1:50) 





CCTER*3 0 FUNCTION SYMOUT (ishard) 
C 	OUTPUTS A SYMMETRY OPERATION 
COMMON/NAMES/NAME(500) 
CGMMON/ATcXvIS/NA,NAR,IW(7) ,WXYZ (3,500), 
$P(3,3),Q(3,3),DC(24,3),IL, 
$JUMP, IV,CV,LIS, IMODFL,NS,NLAT, ICENT,NAT, IEXNM, 
$CELL(6) ,VAXES(6, 3) ,vVC(6) ,GRID(3) ,NP, IDBMDE, IBATH,JOPT, 
$XYZ (3, 5 0 0) , VV (500) , RAD (5 00) , IND (500) ,NTYTAG,ICSFIJ3 
Cct1MON/FILL/OXYZ(3,1000) ,IWSHAR(500) ,m(4,3) ,T(24,3) 
$IR(24, 3,3) , ITABSN,NAN,NAI'TGLE,NAW,NDOL, INTERN,NUMNEI, 
$NEISTO(100),NCEIL,IMARK(500) ,IMARKN,ISYMCS(0:100),ISHAR(1000) 
CEARATER*80 BUFI , BUFO 
CHARACTER* 15 PNTEXT 
COMMON /IOCHAR/ BUFI , BUFO, PITID(T 
COMMON /IOCHPN/ IIPNT, IOPNT, IICHN, IOCHN, IERRNM, IICST, IOCST 
INTEGER IX(3) 
cHARATER*3 FRAQ(11) ,NUM(5) , LETT(3) , FRAcT, NUMr, LETTT 
CHARACTER*80 BUFOKP 
DATAFRAC/' ','  
* 1 2/3','3/4 1 , 1 5/6 1 / 
DATA NUM/' ','l ','2 ','3 ,'4 '/LETT/'X','Y','Z'/ 













DO 1 1=1,3 
IX (4-I) =IRgvl/8**  (3-I) 
IR1=IR1-IX(4-I) * (8** (3-I) 
IX(4-I)=IX(4-I)-3 
DO 7 1=1,3 
IB=0 




IF(X.LT.0.01) GO TO 2 
K=INT (X) 
J=INT (12* (X-K) +0 . 5) 
IF(IS.LT.0) call prints('-',l) 
IF(K.NE.0) THEN 
NUMr=NuM (K+l) 







DO 6 J=1,3 
K=IR(ISN+1, I,J) *IN 
IF(K) 3,6,4 
call prints( -, , 1) 
GO TO 5 





IF(I.LT.3) call prints(',,l) 
CONTINUE 
call prints(1) 1 ,1) 




SUBROUTINE tJNTCEL (ARGS) 
READS IN UNIT CELL 
CCMON/NPIvS/NIv (500) 
CcMMoN/ATcMs/NA,NR,IW(7) ,WXYZ (3,500), 
$P(3,3),Q(3,3),DC(24,3),IL, 
$JUMP, IV,CV,LIS, IMODFL,NS,NLAT, ICENT,NAT, IEXNM, 
$CELL(6) ,VAXES (6,3) ,WC(6) ,GRID(3) ,NP, IDBMDE, IBATcH,JOPT, 
$XYZ(3 ,500) ,w(500) ,RAD(500) , IND (500) ,NTY'ThG, ICSFLG 
Ca+ION/FILL/OXYZ(3,1000),IWSHAR(500),TL(4,3),T(24,3), 
$IR(24, 3,3) , ITABSN,NAN,NANGLE,Nq,NDOL, INTERN,NUMNEI, 
$NEISTO(100),NCELL,IMPRK(500) ,IMR,ISYMCS(0:100),ISHAR(l000) 
Ca1MON/Io/IN, iout, lout, 1FF!, ISCR, ISHEL, IHAND 














D= (COSA*COSBCOSG) /SINA/SINB 
Q(1, 1)=A*SINB*SQRT(lD*D) 
Q(1,2)= 0 
Q(1,3) = 0 
Q(2,1) = _A*D*SINB 
Q(2,2) = B*SINA 
Q(2,3) = 0 
386 
Q(3,1) = A*COSB 
Q(3,2) = B*COSA 
Q(3,3) = C 
V=Q (1, 1) 	(2, 2) 	(3 , 3) 
IF(V.GT.1.0) GO TO 4 
E= (COSB*cOsGcoSA) /SINB/SING 








4 D=57 29578*ACOS (COSA) 
E=57 29578*ACOS (COSB) 







100 FORMAT(' Cell: 1 ,3F8.3,3F8.2) 
102FORMAT(CELL 	0.71073,3F8.4,3F8.3) 
IF(V.LT.1.0) GO TO 1 
CELL (1) =A 
CELL (2) =B 
CELL(3)=C 
CELL (4) =COSA 
CELT (5) =COSB 
CELL(6) =COSG 
WRITE (IOtJT,1O1) ((Q(I,J) ,J=1,3) ,I=1,3) ,V 






Table 1. Atomic coordinales [x lOg ] and equivalent isotropic 
displacement parameters [A2 x 10] for LS1244. U is defined 
as one third of the trace of the orthogona1izedJj 1 tensor. 
X 	 y 	 Z 	 Ueq 
0(1) 4491(1) 1432(2) 5958(1) 32(1) 
C(1) 3619(1) 787(2) 5681(1) 23(1) 
C(2) 3536(1) 677(2) 4887(1) 23(l) 
C(3) 2678(1) 75(2) 4542(1) 21(1) 
C(3') 2580(1) -66(2) 3723(1) 28(1) 
N(3) 2497(1) -185(3) 3071(1) 45(1) 
C(4) 1887(1) -422(2) 4994(1) 20(1) 
C(4') 1000(1) -1048(2) 4621(l) 23(l) 
N(4) 308(1) -1535(2) 4306(1) 30(1) 
C(5) 1991(1) -295(2) 5787(1) 24(1) 
C(6) 2849(1) 309(2) 6135(1) 24(1) 
C(7) 4715(1) 1382(3) 6748(1) 26(1) 
C(8) 4850(1) 3006(3) 7114(1) 29(1) 
C(9) 4859(1) -254(3) 7114(1) 31(1) 
Table 2. Bond lengths [A] and angles {O] 	for LS1244. 
0(1) -C(1) 1.363(2) 












C(7) -C(9) 1.380(2) 
C(8)-C(8)#1 1.396(3) 
C(9)-C(9)#1 1.391(3) 
-0(1) -C(7) 119.89(12) 
0(1) -C(l) -C(2) 114.45(14) 
0(1)-C(1)-C(6) 124.31(14) 










C(6)-C(5)-C(4) 121.00 (14) 






Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,y,-z+l 
388 
Table 3. Anisotropic displacement parameters [A2  x 10] for LS1244. 
The anisotropic displacement factor exponent takes the form: 
2,t2  [h2aU11+ .. + 2hka*b* U12 ] 
U11 [133 U 3 U13 U12 
0(1) 30(1) 55(1) 11 (1) 5(1) -5(1) -11(1) 
C (1) 25(l) 28(l) 15(1) 2 (1) -3(1) 0 (1) 
C(2) 25(1) 29(1) 14(1) 4(1) 2(1) 1(1) 
C(3) 29(1) 22(1) 12(1) 1(1) 1(1) 2(1) 
C(3') 27(1) 37(1) 19(1) -1(1) 1(1) -2(1) 
N(3) 47(1) 73(l) 13(l) -4(1) 0(1) -4(1) 
C(4) 25(1) 21(1) 16(1) 0(1) 1(1) 2(1) 
C(4t) 30(1) 24(1) 16(1) 1(1) 4(1) 2(1) 
N(4) 29(1) 36(1) 25(1) -3(1) 1(1) -4(1) 
C(5) 26(1) 28(1) 17(1) 3(1) 4(1) 3(1) 
C(6) 30(1) 30(1) 10(1) 2(1) 1(1) 2(1) 
C(7) 24(1) 43(1) 12(1) 3(1) -3(1) -4(1) 
 30(l) 34(l) 20(l) 4 (1) -2(1) 1 (1) 
 39(1) 35(1) 19(1) -2(1) -5(1) -3(1) 
Table 4. Hydrogen coord4nates [x 10] and isotropic 
displacement parameters [A2 x 10] for LS1244. 
X Y Z Ueq 
H(2) 4066(1) 1015(2) 4585(1) 27 
H(5) 1463(l) -628(2) 6094(1) 28 
H(6) 2912(1) 396(2) 6676(1) 28 
 4741(1) 4111(3) 6848(1) 34 
 4768(1) -1358(3) 6844(1) 37 
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Table 1. Atomic coordinaçes [x 104  ] and equivalent isotropic 
displacement parameters [A2 x 103  for LSI041. U is defined 
as one third of the trace of the orthogonalizedbj tensor. 
X y Z Ueq 
0(1) 6565(2) -109(4) 488(2) 26(1) 
C(1) 6865(3) -447(5) 1374(4) 23(2) 
C(2) 7652(3) -643(5) 1449(4) 28(2) 
C(3) 8038(3) -889(5) 2311(4) 25(2) 
C(3') 8861(3) -1034(6) 2388(4) 38(2) 
N(3) 9512(3) -1145(6) 2435(4) 67(2) 
C(4) 7626(3) -967(5) 3099(4) 25(2) 
C(4') 8031(3) -1224(6) 4003(4) 29(2) 
N(4) 8357(3) -1416(5) 4710(4) 41(2) 
C(5) 6836(3) -798(6) 3006 (4) 30 (2) 
C(6) 6443(3) -530(5) 2136(4) 29(2) 
C(7) 5753(3) -16(6) 275(3) 22(1) 
C(8) 5357(3) -1122(6) 188(4) 25(2) 
C(9) 4558(3) -1167(6) -92(4) 25(2) 
C(9') 4116(3) -2400(6) -160(4) 31(2) 
 3690(3) -2577(6) -1134(4) 44(2) 
 4650(3) -3515(6) 9(5) 53(2) 
 3536(3) -2420(6) 593(4) 45(2) 

















C(9) -C(9 1 ) 1.524(8) 
C(9')-C(92) 1.517(8) 
C(9 1 )-C(91) 1.535(8) 
C(9')-C(93) 1.547(8) 
C(l) -0(1) -C(7) 
	
120.1(4) 
C(6) -C(l) -0(1) 124.5(5) 
C(6) -C(1) -C(2) 
	
121.8(5) 
0(1) -C(1) -C(2) 113.7(5) 
C(3) -C(2) -C(1) 
	
119.9(6) 
C(2) -C(3) -C(4) 119.6(5) 
C(2) -C(3) -C(3') 
	
119.4(6) 





C(5) -C(4) -C(4') 
	
120.8(6) 


















#1-C (9) -C(9') 
-C(9) -C(9') 
C(92) -C(9') -C(9) 
C(92)-C(9')-C(91) 
C(9)-C(9 1 )-C(91) 
C(92)-C(9')-C(93) 
C(9)-C(9')-C(93) 










Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,-y,-z 
Table 3. Anisotropic displacement parameters [A2 x 101 for LSI041. 
The anisotropic displacement factor exponent takes the form: 
_2i 2 [h2 a*2U11 + ... + 2hka*b* U 2 ] 
U11  U22 U33 U23 U13 U12 
0(1) 13(2) 42(3) 22(2) 0(2) -3(2) 6(2) 
C(1) 20(3) 29(4) 19(4) 5(3) -9(3) 4(3) 
C(2) 22(3) 39(4) 22(4) 1(3) 3(3) -1(3) 
C(3) 19(3) 33(4) 23(4) 1(3) -2(3) 2(3) 
C(3') 15(4) 67(5) 30(4) 4(4) -3(3) 5(3) 
N(3) 31(3) 125(6) 44(4) 7(4) -1(3) 11(4) 
C(4) 17(3) 32(4) 25(4) -3(3) -6(3) 3 (3) 
C(4') 17(3) 46(4) 23(4) 3(4) 1(3) 7(3) 
N(4) 25(3) 64(4) 31(3) -3(3) -4(3) 15(3) 
C(5) 19(3) 50(5) 23(4) 4(3) 0(3) 5(3) 
C(6) 13(3) 47(4) 29(4) 3(3) -1(3) 1(3) 
C(7) 14(3) 32(4) 18(3) 2(3) -3(2) 3(3) 
C(8) 26(4) 25(4) 22(3) 3(3) -4(3) 7(3) 
C(9) 17(3) 36(4) 22(3) -5(3) -3(3) 4(3) 
C(9 1 ) 29(4) 23(4) 38(4) 6(3) -8(3) 1(3) 
 37(4) 39(4) 54(5) -7(4) -16(3) 1(4) 
 46(4) 34(5) 73(6) 2(4) -21(4) -2(4) 
 35(4) 47(5) 53(5) 18(4) 4(3) -8(4) 
Table 4. 	Hydrogen coord4nates [x 101 and isotropic 
displacement parameters [A2 x 10] for LSI041. 
x y z Ueq 
H(2) 7926(3) -607(5) 908(4) 33 
H(5) 6556(3) -865(6) 3541(4) 37 
11 (6) 5902(3) -408(5) 2072(4) 35 
H(8) 5626(3) -1885(6) 321(4) 30 
H(91A) 3296(15) -1927(22) -1244(11) 67 
H(91B) 3445(18) -3405(15) -1172(10) 67 
H(91C) 4057(5) -2514(36) -1609(4) 67 
H(92A) 5027(14) -3517(21) -457(17) 79 
H(92B) 4349(4) -4292(6) -44(27) 79 
H(92C) 4920(17) -3457(20) 636(11) 79 
H (93A) 3241(15) -3203(16) 544 (17) 67 
H(93B) 3184(14) -1707(20) 497(16) 67 
H(93C) 3816(4) -2363(36) 1215(4) 67 
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Table 1. Atomic coordinates [x 104  ) and equivalent isotropic 
displacement parameters [9 x 101 for LS1055. U is defined 
as one third of the trace of the orthogonalized Uj tensor. 
X 	 y 	 Z 	 Ueq 
0(1A) 920(4) 8952(2) 1220(4) 26(1) 
C(1A) 415(6) 8444(2) 551(6) 23(2) 
C(2A) 989(6) 7971(3) 1440(6) 26(2) 
C(2 1 A) 1903(7) 8061(2) 2887(8) 30(2) 
N(2A) 2625(7) 8138(2) 4032(7) 50(2) 
C(3A) 591(6) 7421(3) 889(7) 28(2) 
C(3'A) 1197(8) 6937(3) 1824(8) 37(2) 
N(3A) 1711(7) 6570(2) 2573(7) 51(2) 
C(4A) -315(7) 7343(3) -476(7) 38(2) 
C(5A) -859(7) 7816(3) -1311(7) 34(2) 
C(6A) -478(6) 8367(3) -806(6) 29(2) 
C(7A) 355(6) 9478(2) 551(6) 22(2) 
C(8A) 635(6) 9652(2) -544(6) 22(2) 
C(9A) -254(6) 9808(2) 1149(6) 21(2) 
C(9 1 A) -505(6) 9622(2) 2402(6) 24(2) 
C(91A) -1223(7) 9037(3) 2121(7) 31(2) 
C(92A) -1405(7) 10051(3) 2668(7) 32(2) 
C(93A) 793(7) 9588(3) 3711(6) 40(2) 
0(13) 4452(4) 4326(2) 2667(4) 30(1) 
C(1B) 4901(6) 3769(2) 2814(6) 22(2) 
C(23) 4150(6) 3418(2) 1644(6) 22(2) 
C(2'B) 3074(7) 3638(2) 454(7) 27(2) 
N(2B) 2176(6) 3800(2) -525(6) 43(2) 
C(3'B) 3830 (7) 2487 (3) 471(7) 32(2) 
C(33) 4558(7) 2845(2) 1694(6) 30(2) 
N(3B) 3278(7) 2205(2) -480(6) 47(2) 
C(4B) 5584(7) 2633 (2) 2866 (7) 29(2) 
C(5B) 6292(7) 2994 (3) 3990 (7) 33(2) 
C(6B) 5944(6) 3560(2) 3954(6) 25(2) 
C(7B) 4789(6) 4671(2) 3866(6) 24(2) 
C(8B) 4602(6) 4448(2) 4984(6) 26(2) 
C(98) 4808(6) 4771(2) 6176(6) 23(2) 
C(9 1 B) 4625(6) 4518(3) 7426(6) 24(2) 
C(91B) 5941(7) 4521(3) 8744(6) 37(2) 
C(92B) 4172(7) 3895(3) 7142(7) 39(2) 
C(933) 3582(7). 4858(3) 7652(8) 42(2) 





























C(3 'B) -N(3B) 1.135(8) 
C(3'B)-C(3B) 1.457(9) 
C(3B) -C(4B) 1.366(9) 
C(4B)-C(5B) 1.391(9) 
C(5B) -C(6B) 1.378(8) 
C(7B) -C(8B) 1.391(9) 
C (7B) - C (9B) #2 1.393(8) 
C(8B)-C(9B) 1.399(8) 






C(6A) -C(1A) -O(1A) 127.4(5) 
C(6A) -C(1A) -C(2A) 120.8(5) 
O(1A)-C(1A)-C(2A) 111.7(5) 
C(3A) -C(2A) -C(1A) 118.2(5) 
C (3A) -C (2A) -C (2'A) 121.7(5) 
C(1A)-C(2A)-C(2'A) 120.0(5) 
N(2A) -C (2'A) -C(2A) 179.3(7) 
C (4A) -C (3A) -C (2A) 121.0(6) 
C(4A)-C(3A)-C(3'A) 121.5(6) 
C(2A)-C(3A)-C(3'A) 117.5(6) 
N (3A) -C (3'A) -C (3A) 177.5(8) 
C(3A)-C(4A)-C(5A) 119.1(6) 
C(4A) -C(5A)-C(6A) 121.5(6) 
C(IA)-C(6A)-C(5A) 119.4(6) 
C(9A) -C(7A)-C(8A) 124.5(5) 
C(9A)-C(7A)-O(1A) 117.9(5) 










C (92A) -C (9'A) -C (91A) 106.2(5) 
C(1B) -0(1B)-C(7B) 119.9(4) 
C(6B) -C(1B)-O(1B) 124.9(5) 
C (6B) -C(1B) -C(2B) 121.5(5) 
O(1B) -C(1B)-C(2B) 113.5(5) 
C(2'B) -C(2B) -C(3B) 121.3(5) 
C(2'B)-C(2B)-C(1B) 121.4(5) 
C(3B) -C(2B) -C(1B) 117.2(5) 
N(2B) -C(2'B) -C(2B) 177.7(7) 
N(3B) -C(3 'B) -C(3B) 179.1(8) 
C(4B) -C(3B) -c (2B) 120.7(6) 
C(4B)-C(3B)-C(3 1 B) 121.5(5) 
C(2B) -C(3B) -C(3 'B) 117.8(6) 
C(3B) -C(4B)-C(5B) 119.9(6) 
C(6B) -C(5B) -C(4B) 120.7(6) 
C(1B) -C(6B) -C(5B) 119.8(6) 
C(8B)-C(7B)-C(9B)#2 123.6(5) 
C(8B) -C(7B) -O(1B) 118.0(5) 












Symmetry transformations used to generate equivalent atoms: 
#1 -x,-y+2,-z 	#2 -x+1,-y-i-1,-z+1 
Table 3. Anisotropic displacement parameters [A2 x 10] for LS1055. 
The anisotropic displacement factor exponent takes the form: 
2it2 [h2 aU11 + ... +2hka*b* U12 ] 
U11  q2 U 3 U23 U13  U12  
 36(3) 16(2) 19(2) 2(2) 7(2) 	. 0(2) 
C(1A) 29(4) 20(3) 22(4) -1(3) 13(3) 1(3) 
C(2A) 34(4) 27(4) 22(4) -3(3) 17(3) 1(3) 
C(2'A) 39(5) 18(3) 31(5) 2(3) 13(4) 1(3) 
N(2A) 77(5) 29(3) 32(4) 4(3) 12(4) 7(3) 
C(3A) 28(4) 29(4) 26(4) 0(3) 11(3) 2(3) 
C(3'A) 62(5) 14(4) 39(4) 2(3) 27(4) 1(3) 
N(3A) 76(5) 21(3) 53(4) 0(3) 24(4) 2(3) 
C(4A) 51(5) 21(4) 44(5) -7(3) 23(4) -5(3) 
C(5A) 42(5) 36(4) 21(4) -12(3) 11(3) -8(3) 
C(EA) 37(5) 29(4) 21(4) -4(3) 12(3) -1(3) 
C(7A) 22(4) 16(3) 18(3) 0(3) 1(3) 4(3) 
C(8A) 33(4) 24(3) 13(3) -3(3) 12(3) 8(3) 
C(9A) 22(4) 22(3) 14(3) -1(3) 3(3) -1(3) 
C(9'A) 35(4) 25(3) 12(3) -2(3) 11(3) -3(3) 
C(91A) 37(4) 33(4) 27(4) -1(3) 19(3) -6(3) 
C(92A) 55(5) 26(4) 27(4) -2(3) 30(4) -5(3) 
C(93A) 56(5) 43(4) 16(4) 0(3) 11(4) 2(4) 
 50(3) 21(2) 17(2) -2(2) 14(2) 0(2) 
C(1B) 32(4) 17(3) 22(4) 4(3) 17(3) 5(3) 
C(2B) 32(4) 19(3) 16(3) 0(3) 10(3) 2(3) 
C(2'B) 39(5) 18(3) 23(4) 0(3) 14(4) -1(3) 
N(2B) 54(4) 40(4) 32(4) 0(3) 16(4) 1(3) 
C(3 'B) 32(4) 22(4) 33(4) 3(3) 7(4) 0(3) 
C(3B) 49(5) 20(3) 26(4) -1(3) 22(4) 1(3) 
N(3B) 62 (5) 28(3) 38 (4) -4(3) 11 (3) -6(3) 
C(4B) 40(5) 15(3) 31(4) 4(3) 13(4) 8(3) 
C(5B) 38(4) 32(4) 25(4) 3(3) 11(3) 3(3) 
C(6B) 29(4) 23(4) 22(4) 0(3) 10(3) 2(3) 
C(7B) 35(4) 20(3) 14(3) -3(3) 8(3) 3(3) 
C(8B) 40(4) 19(3) 19(3) 2(3) 11(3) 1(3) 
C(9B) 28(4) 22(3) 21(4) -1(3) 13(3) 1(3) 
C(9'B) 29(4) 27(3) 20(3) 0(3) 13(3) -3(3) 
C(91B) 56(5) 34(4) 18(4) 9(3) 11(4) 4(3) 
C(92B) 61(5) 38(4) 21(4) 4(3) 20(4) -14(4) 
C(93B) 54(5) 43(4) 38(4) 10(3) 29(4) 9(4) 
Table 4. Hydrogen coordinates [x 10] and isotropic 
displacement parameters [A2 x 10] for LS1055. 
X Y Z Ueq 
H(4A) -566(7) 6969(3) -845(7) 45 
H(SA) -1507(7) 7764(3) -2251(7) 41 
H(6A) -839(6) 8687(3) -1405(6) 35 
H(8A) 1090(6) 9401(2) -886(6) 27 
H(91A) -1597(34) 8981(8) 2792(28) 46 
H(91B) -594(11) 8731(3) 2234(41) 46 
H(91C) -1932(26) 9030(7) 1162(16) 46 
H (92A) -1655(32) 9896 (8) 3378 (31) 48 
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H(92B) -2199(19) 10118(13) 1791(11) 48 
H(92C) -933(15) 10412(6) 3005(39) 48 
H(93A) 632(8) 9468(18) 4510(11) 60 
H (93B) 1217(21) 9964 (5) 3907 (26) 60 
H(93C) 1370(17) 9311(14) 3564(17) 60 
H(4B) 5813(7) 2241(2) 2913(7) 35 
H(5B) 7022(7) 2849(3) 4791(7) 39 
H(6B) 6435(6) 3803(2) 4726(6) 30 
H(88) 4323(6) 4063(2) 4937(6) 32 
H(91D) 5810(10) 4380(17) 9546(11) 56 
H(91E) 6288(21) 4911(4) 8934(26) 56 
H(91F) 6569(14) 4273(14) 8595(17) 56 
H(92D) 3336(22) 3873 (3) 6291(26) 59 
H(92E) 4051(41) 3744(6) 7942(21) 59 
H(92F) 4839(20) 3668(4) 7011(44) 59 
H(93D) 2754 (14) 4853 (16) 6789 (17) 63 
H (93E) 3881(20) S253(6) 7893 (45) 63 
H(93F) 3441(32) 4687(12) 8421(32) 63 
395 
Table 1. Atomic coordinates [x 104]  and equivalent isotropic 
displacement parameters [A2 x 10] for LSIO15. U is defined 
as one third of the trace of the orthogonalizedbj tensor. 
X y Z Ueq 
C(1) 1049(2) 1155(4) 4046(4) 23(1) 
0(1) 630(1) 156(3) 4219(3) 27(1) 
C(2) 1148 (2) 1979(4) 4956 (4) 23(l) 
C(3) 1586(2) 2992(4) 4884(4) 24(1) 
N(3) 1745(2) 4604(4) 6547(4) 42(1) 
C(3t) 1679(2) 3872(4) 5818(4) 27(1) 
C(4) 1930(2) 3167(4) 3906(4) 25(1) 
N(4) 2774(2) 5004(4) 3861(4) 39(1) 
C(4') 2397(2) 4199(5) 3845(4) 28(1) 
C(5) 1823(2) 2316(5) 3009(4) 29(1) 
C(6) 1389(2) 1304(4) 3073 (4) 26(l) 
C(7) 345(2) -533(4) 3321(4) 21(1) 
C(8) 370(2) -1888(4) 3345 (4) 23(l) 
C(8') 780(2) -2673(4) 4193(4) 30(1) 
 715(3) -4135(5) 3983(S) 42(1) 
 1496(2) -2302(6) 4037(5) 41(1) 
 597(2) -2409(5) 5396(4) 38(1) 
C(9) 0 -2500(6) 2500 25(2) 
C(12) 0 139(6) 2500 20(1) 








































C(8) -C(7) -0(1) 























Symmetry transformations used to generate equivalent atoms: 
1 x,y,-z+ 
Table 3. Anisotropic displacement parameters [A2 x i0] for LSIO15. 
The anisotropic displacement factor exponent takes the form: 
_2i 2 [1a*U1i +...+2hka*b* U12 ] 
U1 1 U22 U33 	U23 U13 U12 
C(1) 20(2) 26(2) 23(3) -2(2) -11(2) 2(2) 
0(1) 27(2) 32(2) 19(2) -1(1) -8(1) -7(1) 
C(2) 20(2) 34(2) 15(3) 5(2) -5(2) 1(2) 
C(3) 22(2) 25(2) 23(3) -1(2) -12(2) 4(2) 
N(3) 47(3) 43(2) 36(3) -5(2) -18(2) -5(2) 
C(3') 28(2) 30(2) 23(3) 0(2) -13(2) 1(2) 
C(4) 21(2) 31(2) 22(3) 1(2) -12(2) 3(2) 
N(4) 36(2) 47(3) 34(3) 5(2) -11(2) -8(2) 
C(4') 25(2) 37(3) 19(3) 7(2) -10(2) 0(2) 
C(5) 22(2) 40(3) 25(3) 2(2) -7(2) 1(2) 
C(6) 23(2) 31(2) 24(3) -5(2) -9(2) 0(2) 
C (7) 19(2) 31(2) 13 (2) -5(2) -6(2) -2(2) 
C(8) 19(2) 30(2) 20(3) 0(2) -6(2) 5(2) 
C(8') 30(2) 34(2) 22(3) 3(2) -15(2) 8(2) 
 56(3) 36(3) 31(3) 1(2) -20(2) 15(2) 
 28(2) 56(3) 39(3) 4 (3) -12(2) 12 (2) 
 45(3) 46(3) 22(3) 7(2) -14(2) 14(2) 
C(9) 27(3) 24(3) 24(4) 0 -11(3) 0 
C(12) 19(3) 21(3) 21(3) 0 -1(2) 0 
Table 4. Hydrogen coorc±jiiates [x 10] and isotropic 
displacement parameters [A2 x iO] 	for LSIO15. 
X Y Z Ueq 
H(2) 920(2) 1853(4) 5614(4) 28 
 2051(2) 2433 (5) 2349(4) 35 
 1323(2) 724(4) 2467(4) 31 
H(81A) 823(17) -4328(7) 3216(10) 62 
H(81B) 276(5) -4404(8) 4104(30) 62 
H(81C) 1005(13) -4605(5) 4494(21) 62 
H(82A) 1595(5) -2379(34) 3252(7) 62 
H(82B) 1770(2) -2889(24) 4479(25) 62 
H(82C) 1569(5) -1408(13) 4285(29) 62 
H(83A) 888(10) -2879(26) 5906(4) 57 
H(83B) 161(6) -2703(30) 5500 (9) 57 
H(83C) 627(15) -1478(6) 5548(9) 57 
H(9) 0 -3421(6) 2500 30 
H(12) 0 1060(6) 2500 24 
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Table 1. Atomic coordinates [x 10] and equivalent isotropic 
displacement parameters [A2 x 101 for LSI117 [(2/cl. U is 
defined as one third of the trace of the orthogonalized Uj j tensor 
X 	 y 	 Z 	 Ueq 
C(l) 3529(13) 1276(9) -3600(6) 56(3) 
C (2) 5134 (13) 1306 (10) -3748(6) 63 (3) 
C(3) 5596(13) 1323(9) -4429(6) 58(3) 
C(3') 7276(16) 1342(11) -4596(7) 76(4) 
N(3) 8599(15) 1293(13) -4732(7) 119(6) 
C(4) 4480(13) 1254(9) -4984(6) 58(3) 
C(4') 4966(15) 1235(11) -5711(7) 70(4) 
N(4) 5344(16) 1165(11) -6275(6) 101(5) 
C(5) 2869(14) 1268(9) -4830(6) 62(3) 
C(6) 2385(13) 1274(9) -4132(6) 60(3) 
0(1) 3175(9) 1295(8) -2896(4) 80(3) 
C(7) 1556(14) 1276(10) -2706(6) 62(3) 
C(12) 782 (17) 2120 (10) -2S83(8) 87(5) 
C(8) 791(14) 436(8) -2611(6) 63(3) 
 1288(18) -590(8) -2709(8) 111(6) 
 1374(23) -905(26) -1921(10) 110(11) 
C(23) -353(11) -1091(18) -2859(9) 115 (12) 
 -351(11) -1083(18) -1686(9) 220 (27) 
Table 2. Bond lengths [A] and angles [0]  for L81117 [(2/c]. 































C(4) -C(S) -C(6) 120.3 (10) 








C (8) -c (19) -C (20) 99(2) 
C(8)-C(19)-C(23) 102(2) 
-C(19) -C(23) 94(2) 
-C(20) -C(19) 107(2) 
Symmetry transformations used to generate equivalent atoms: 
#1 -x,y,-z- 
Table 3. Anisotropic displacement parameters [A2 x 10] for LSI117 
(C2/c]. The anisotropic displacement factor exponent takes the form: 
-2 n2  [h2 aU11+ ... +2hka*b* U12] 
U11  1;2 U U 3 U 2 
C(1) 46(7) 66(8) 56(7) 12(6) 	4(5) -6(6) 
C(2) 51(7) 84(9) 54(7) 0(7) -2(5) 20(6) 
C(3) 48(7) 60(7) 65(8) 7(6) 	-3(6) 8(6) 
C(3') 48(8) 89(10) 91(10) 4(8) 9(7) -19(7) 
N(3) 61(8) 188(17) 108 (10) -11 (11) 	4 (7) -38(9) 
C(4) 55(7) 69(8) 48(7) -3(6) 2(5) 15(6) 
C(4') 65(8) 84(9) 61(8) 7(8) 	-1(6) 1(7) 
N(4) 119(11) 124(12) 60(8) 4(8) 19(7) 13(9) 
C(5) 55(8) 79(9) 53(7) -1(7) 	-5(5) 6(7) 
C (6) 42(6) 76(8) 61(7) 9(7) -5(5) -18(6) 
0(1) 55(5) 131(8) 54(5) 15(5) 	5(4) 2(5) 
C(7) 62(8) 76(9) 49(7) 6(6) 3(6) 18(7) 
C(12) 90(10) 59(8) 113 (12) 4 (8) 	33 (9) -19(8) 
Table 4. Hydrogen coordinates [x 101 and isotropic 
displacement parameters (A2 x 10) for LSI117 	[(2/c]. 
X Z Ueq 
H(2) 5894(13) 1315(10) -3384(6) 75 
 2109(14) 1274(9) -5194(6) 75 
 1305(13) 1276(9) -4027(6) 72 
H(12) 1335(17) 2692(10) -2612(8) 105 
H(19) 2105(18) -810(8) -3034(8) 133 
 1880(23) -1518(26) -1845(10) 132 
 1955(23) -425(26) -1653(10) 132 
 -718(11) -1066(18) -3347(9) 138 
 -353(11) -1753(18) -2715(9) 138 
 -535(11) -689(18) -1276(9) 265 
 -688(11) -1729(18) -1586(9) 265 
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Table 1. Atomic coordinates [x 104  ] and equivalent isotropic 
displacement parameters [A2 x 10I1 for LSI117 [P2 1/n]. U is 
defined as one third of the trace of the orthogonalized Ujj tensor 
X y Z Ueq 
C(l) 1402(13) 9039(8) 3415(6) 25(3) 
C(2) -212(13) 9010(7) 3589(6) 27(3) 
C(3) -713(13) 8849(7) 4258(6) 30(3) 
C(3') -2395(15) 8832(8) 4429(6) 35(3) 
N(3) -3736(13) 8792(8) 4581(6) 52(3) 
C(4) 454(12) 8741(7) 4836(6) 23(3) 
C(4') -71(13) 8629(8) 5553(7) 31(3) 
N(4) -489(13) 8564(7) 6130(6) 46(3) 
C(5) 2091(13) 8764(7) 4667(6) 29(3) 
C(6) 2529(14) 8903(7) 3964(6) 33(3) 
0(1) 1780(9) 9205(6) 2728(4) 40(2) 
C(7) 3380(14) 9204(8) 2522(6) 37(3) 
C(10) 6536(13) 9176(8) 2093(6) 30(3) 
C(11) 5633(14) 8353(9) 2038(6) 38(3) 
C(12) 4047(13) 8367(8) 2274(6) 32(3) 
0(2) 8133(10) 9175(6) 1874(4) 45(2) 
C(13) 8449(13) 9001(8) 1175(6) 31(3) 
C(14) 10086(14) 8899(8) 988(7) 35(3) 
C(15) 10493(12) 8721(8) 302(7) 31(3) 
C(15t) 12150(15) 8638(8) 127(6) 33(3) 
N(15) 13508 (12) 8567 (8) -26(6) 51(3) 
C(16) 9273(14) 8684(8) -247(6) 32(3) 
C(16') 9728(16) 8531(9) -982(8) 49(4) 
N(16) 10015(13) 8421(9) -1577(7) 58(3) 
C(17) 7683(13) 8796(8) -73(6) 33(3) 
C(18) 7273(14) 8948(8) 627(6) 31(3) 
C(8) 4207(11) 10051(4) 2542(3) 53(4) 
C(19) 3968(6) 11026(5) 2885(3) 69(3) 
C(20) 4541(7) 11782(4) 2339(3) 42(5) 
C(21) 6226(7) 11776(6) 2018(3) 42(5) 
C(23) 5685(7) 11141(4) 3214(3) 42(5) 
C(23') 5119(7) 11569(4) 2389(3) 34(5) 
 4636(7) 11165(4) 3643(3) 34(5) 
 6324(7) 11175(4) 3327(3) 34(5) 
C(22) 6650(7) 10959(4) 2532(3) 69(3) 
C(9) 5914(7) 9982(4) 2374(3) 44(4) 
Table 2. Bond lengths [A] and angles [O] 	for L51117 [P2 1/n]. 
C(1)-0(1) 1.351(13) 




























C(17) -C(18) 1.38(2) 
C(8)-C(9) 1.464(11) 












0(1) -C(1) -C(6) 123.9(10) 
0(1) -C(1) -C(2) 118.6(11) 









N(4) -C(4')-C(4) 178.3(11) 
C(6)-C(5)-C(4) 119.9(11) 
C(1) -C(6)-C(5) 122.1(10) 
C(1)-0(1)-C(7) 120.7(9) 
C(8)-C(7)-C(12) 122.1(10) 








0(2)-C(13)-C(18) 124.2 (10) 
0(2)-C(13)-C(14) 117.8(10) 
C(18) -C(13) -C(14) 117.9(11) 
C(15)-C(14)-C(13) 121.2(11) 
C(14)-C(15)-C(16) 119.7(10) 
C(14)-C(15)-C(15 1 ) 120.0(12) 









C(7) -C(8) -C(19) 135.3(8) 
C(9) -C(8) -C(19) 106.8(2) 
-C(19) -C(20') 117.4(2) 
C(8)-C(19)-C(23) 97.45(5) 
C(8)-C(19)-C(23 1 ) 95.21(5) 



















Table 3. 	Anisotropic displacement parameters [A2 x 101 for LSI117 
[P2 1/n]. The anisotropic displacement factor exponent takes the form: 
2it2 	[]-12 a*2 (J+ 	... 	 + 2hka*b* 	U 2 ] 
U11  U22 U33 1;3 U13 
C(1) 31(7) 25(6) 20(7) 3(5) 3(5) 2(5) 
C(2) 29(6) 19(6) 34 (7) -3(5) -1(5) -1(5) 
C(3) 50(8) 12(6) 28(7) -3(5) 17(6) 4(5) 
C(3 1 ) 37(8) 34(7) 33(7) 6(6) 0(6) 2(6) 
N(3) 40(7) 58(8) 59(8) -5(6) 13(6) 1(6) 
C(4) 27(6) 12(6) 30(7) -4(5) 3(5) 1(5) 
C(4') 39(7) 18(7) 37(8) 0(5) 8(6) 4(5) 
N(4) 58(7) 29(6) 53(8) -1(5) 16(6) 8(5) 
C(S) 29(6) 26(6) 32(7) 3(5) 3(5) -4(5) 
C(6) 39(7) 18(6) 42(8) 4(5) 28(6) 2(5) 
0(1) 37(5) 51(6) 31(5) 4(4) 11(4) 9(4) 
C(7) 42(8) 39(8) 30(7) 0(6) 15(6) 7(6) 
C(10) 34(7) 38(7) 18(6) -4(5) 9(5) -8(6) 
C(11) 51(8) 26(7) 39(8) -3(6) 7(6) 5(6) 
C(12) 35 (7) 24 (6) 38 (7) -10(5) 15 (6) -4(5) 
0(2) 43 (5) 66(6) 28(5) -5(4) 6 (4) -13(4) 
C(13) 37(7) 26(6) 28(7) -7(5) -10(6) -4(5) 
C(14) 37(7) 30(7) 38 (8) 8 (6) 2 (6) -10(5) 
C(15) 22(6) 26(7) 48(8) 5(6) 17(6) -4(5) 
C(15 1 ) 45(8) 18(6) 34 (7) -3(S) -4(6) -9(5) 
N(15) 33(6) 42(7) 79(9) 3(6) 13(6) -2(5) 
C(16) 42(7) 23(7) 31(7) 8(5) 13(6) -2(5) 
C(16 1 ) 59(9) 29(7) 61(10) -6(7) 25(8) -10(6) 
N(16) 57(7) 64(8) 56(8) -15(7) 27(6) -15(6) 
C(17) 30(7) 35(7) 33 (7) 4 (6) 1(5) -10(5) 
C(18) 34(7) 31(7) 30(7) 0(5) 17(6) 5(5) 
C(8) 81(10) 18(7) 61(9) -14(6) 46(8) -6(7) 
C(9) 60(9) 33(8) 40(8) -1(6) 28(7) -22(7) 
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Table 4. Hydrogen coordinates [x 10] and isotropic 
displacement parameters [A2 x 101 for LSI117 [P2 1/n]. 
X Y Z Ueq 
H(2) -1002(13) 9108(7) 3218(6) 33 
 2896(13) 8683(7) 5033(6) 35 
 3640 (14) 8906 (7) 3856 (6) 39 
 6075(14) 7782(9) 1844(6) 46 
 3426(13) 7791(8) 2261(6) 38 
H(14) 10910(14) 8956(8) 1349(7) 42 
H(17) 6863(13) 8768(8) -438(6) 39 
11(18) 6171(14) 9018(8) 740(6) 37 
H(19) 2993(6) 11148(5) 3173(3) 82 
11(201) 3759(7) 11761(4) 1929(3) 51 
H(202) 4414(7) 12420(4) 2567(3) 51 
H(211) 6233(7) 11591(6) 1507(3) 51 
H(212) 6850(7) 12374(6) 2108(3) 51 
H(231) 5923(7) 10653(4) 3589(3) 51 
11(232) 5872(7) 11795(4) 3410(3) 51 
 4748(7) 11541(4) 1881(3) 41 
 5272(7) 12250(4) 2536(3) 41 
H(203) 4441(7) 10614(4) 3966(3) 41 
H(204) 4321(7) 11782(4) 3866(3) 41 
H(213) 6983(7) 10712(4) 3612(3) 41 
H(214) 6780 (7) 11823 (4) 3428 (3) 41 
H(22) 7842(7) 10940(4) 2624(3) 82 
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Table 1. Atomic coordi.naes [x 10] and equivalent isotropic 
displacement parameters [A2 x 10] for LSI1O3. U is defined 
as one third of the trace of the orthogonalized L3 J tensor. 
X 	 y 	 Z 	 Ue 
0(1) 1487(7) 4297(6) 8642(4) 26(1) 
C(1) 1975(9) 3742(10) 7570(6) 20(2) 
C(2) 1822(10) 1875(9) 7254(6) 23(2) 
C(3) 2276 (9) 1209(10) 6155(7) 23 (2) 
C(3') 2086(10) -739(10) 5792(6) 26(2) 
N(3) 1908(9) -2255(9) 5496(6) 41(2) 
C(4) 2795(9) 2279(10) 5378(7) 22(2) 
C(4') 3137(10) 1537(10) 4259(7) 23(2) 
N(4) 3365(9) 920(9) 3331(6) 39(2) 
C(5) 2923 (9) 4134 (9) 5736 (6) 24(2) 
C(6) 2517(10) 4857(10) 6840(6) 23(2) 
C(7) 1095(11) 5977(9) 8945(6) 24(2) 
C(8) -575(11) 6087(9) 8402(6) 24(2) 
C(8') -1956(10) 4563 (10) 7397 (6) 37(2) 
C(9) -947(11) 7714(10) 8834(6) 28(2) 
C(10) 258(11) 9136 (9) 9767 (7) 21(2) 
C(11) 1950(10) 8952(9) 10276(6) 25(2) 
C(12) 2389(10) 7377(9) 9871(6) 21(2) 
C(12') 4214(10) 7204(9) 10420(6) 33(2) 
























0(1) -C(2) 113.5(7) 
C(6)-C(1)-C(2) 122.4(7) 























C(11) -C(12) -C(7) 117.9(7) 
C (11) -C (12) -C (12') 120.5(7) 
C(7)-C(12)-C(12 1 ) 121.7(6) 
Symmetry transformations used to generate equivalent atoms: 
1 -x,-y+2,-z+2 
Table 3. Anisotropic displacement parameters [A2  x ioJ for LSI103. 
The anisotropic displacement factor exponent takes the form: 
_21 2 [h2 a*2U11+ ... i2hka*b* U 2 ] 
U11  1;2 U33 U23 	 U13 U12  
0(1) 30(3) 18(3) 37(4) 7(3) 	14(3) 17(3) 
C(1) 23(5) 24(5) 18(5) 0(5) 7(4) 21(4) 
C (2) 26(5) 17(5) 27(5) 5(4) 	3 (4) 11(4) 
C(3) 13(4) 19(5) 38(6) 3(5) 1(4) 10(4) 
C(3') 23(5) 20(5) 34(6) 4(5) 	-1(4) 10(4) 
N(3) 50(5) 26(4) 49(5) 1(4) 0 (4) 22(4) 
C(4) 11(4) 19(5) 38(6) 5(5) 	2(4) 9(4) 
C(4') 34(5) 22(5) 14(5) -1(4) 8(4) 13(4) 
N(4) 42(5) 37(4) 38(5) 2(4) 	3(4) 19(4) 
C(5) 20(5) 15(5) 35(6) 7(4) 2(4) 4(4) 
C(6) 36(5) 15(5) 22(5) 4(4) 	8(4) 14(4) 
C(7) 31(5) 16(5) 30(5) 5(4) 19(4) 14(4) 
 27(5) 22(5) 24 (5) -5(4) 	2(4) 16(4) 
C (8') 30(5) 37(5) 39 (5) -9(5) -3(4) 20(4) 
 35(5) 29(5) 26 (5) 1(5) 	4 (4) 22(5) 
 24(5) 17(4) 27(5) 6(4) 12(4) 12(4) 
 22(5) 15(5) 32(5) 1(4) 	3(4) 6(4) 
 28(5) 17(5) 30(5) 12(4) 8(4) 19(4) 
C(12') 26(5) 26(5) 44(5) -2(4) 	-1(4) 14(4) 
Table 4. Hydrogen coordinates [x 10] and isotropic 
displacement parameters [A2 x 103] 	for LSI103. 
X 31 Z Ueq 
H(2) 1430(10) 1110(9) 7761(6) 27 
 3286(9) 4898(9) 5227(6) 29 
 2616 (10) 6112 (10) 7083 (6) 28 
 -3270(19) 4663 (36) 7354 (23) 56 
 -2064(48) 3361(10) 7512(18) 56 
 -1434(33) 4673 (34) 6671 (7) 56 
H(9) -2073(11) 7847(10) 8472(6) 34 
H(11) 2807 (10) 9924 (9) 10909 (6) 29 
 3842(12) 6050(29) 10650(31) 49 
 4844(35) 8255(31) 11109(21) 49 
 5144(26) 7192(55) 9860(13) 49 
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Table 1. Atomic coordinates [x 101 and equivalent isotropic 
displacement parameters [A2 x 10] for LE0023. U is defined 
as one third of the trace of the orthogonalized t3 tensor. 
X y Z Ueq 
C(1A) -5916(3) -2277(2) 3739(1) 49(1) 
C(2A) -5056(3) -2348(3) 3520(l) 60(1) 
C(3A) -4761(3) -1876(3) 3110(1) 58(1) 
C(3'A) -3890(4) -1981(4) 2878(1) 84(1) 
N(3A) -3204(4) -2059(5) 2691(l) 132 (2) 
C(4A) -5320(3) -1329(2) 2926(1) 50(1) 
C(4'A) -5004(3) -810(3) 2511(1) 62(1) 
N(4A) -4757(3). -389(3) 2180(1) 88(1) 
C(5A) -6195(3) -1298(3) 3152(1) 54(1) 
C(6A) -6496(3) -1765(3) 3556(1) 53(1) 
O(1A) -6306(2) -2743(2) 4135(1) 57(1) 
C(7A) -5752(2) -3255(3) 4357(1) 48(1) 
C(8A) -6339(2) -4450(2) 4419(1) 43(1) 
C(8'A) -7560(2) -5281(3) 4244(1) 51(1) 
C(81A) -7897(3) -6559(3) 4317(1) 71(1) 
C(82A) -8440(3) -5057(4) 4466(1) 83(1) 
C(83A) -7610(3) -5145(3) 3758(1) 77(1) 
C(9A) -5752(2) -4856(2) 4672(1) 41(1) 
C(10A) -4685(2) -4161(2) 4859(1) 39(1) 
C (hA) -4137(2) -2970(2) 4780(l) 50(l) 
C(12A) -4677(3) -2527(3) 4528(1) 53(1) 
C(1B) 3148(2) 4270(2) 2420(1) 44(1) 
C(2B) 2156 (2) 4086 (2) 2633(l) 47(1) 
C(3B) 1830 (2) 4924 (2) 2613(1) 45(1) 
C(3 'B) 833 (3) 4766 (3) 2848(1) 53(1) 
N(3B) 62(3) 4662(3) 3045(1) 74(1) 
C(4B) 2485 (2) 5944 (2) 2373(l) 47(1) 
C(4'B) 2132(3) 6801(3) 2355(1) 53(1) 
N(4B) 1853 (3) 7491 (3) 2342(l) 72(1) 
C(5B) 3459(3) 6089(2) 2156(1) 53(1) 
C(6B) 3788(3) 5262(2) 2180(1) 52(1) 
O(1B) 3528(2) 3485(2) 2414(1) 51(1) 
C(7B) 2998(2) 2477(2) 2667(1) 44(1) 
C(8B) 2518(2) 1402(2) 2475(1) 44(1) 
C(8'B) 2501(3) 1236(3) 1986(1) 61(1) 
C (81B) 1949(4). 1859 (3) 1760(l) 79(1) 
C (82B) 1802 (5) -36(3) 1866(l) 112 (2) 
C(83B) 3766(4) 1743(4) 1834(1) 95(1) 
COB) 2078 (2) 449 (2) 2750(l) 46(l) 
C(10B) 2080(2) 532(2) 3197(1) 38(1) 
C(11B) 2593(2) 1647(2) 3368(1) 48(1) 
C(12B) 3062 (3) 2609(2) 3110(1) 50(1) 
C(1S) -847(8) 0 3333 292(10) 
C(2S) -644(8) 826(5) 3005(2) 197(8) 
N(3S) -477(14) 1506(10) 2743(4) 233(7) 
















C(8A)-C(9A) 1.384 (4) 
C(8A)-C(8'A) 1.532(4) 




C(10A) -C(11A) 1.393(4) 






















C(10B) -C(11B) 1.386(4) 
C(1OB) -C(10B)#2 1.482(5) 




0(1A) -C(1A) -C(6A) 114.3(2) 
C(2A)-C(1A)-C(6A) 122.2(2) 
C(3A)-C(2A)-C(1A) 118.1(3) 








C(6A) -C(5A) -C(4A) 120.3(3) 
C(5A)-C(6A)-C(1A) 119.2(3) 
C(1A) -0(1A)-C(7A) 119.0(2) 
C(12A)-C(7A) -C(8A) 123.3(2) 
C(12A) -C(7A) -O (1.A) 117.2(2) 
















O(1B) -C(1B) -C(6B) 116.0(2) 
0(1B)-C(1B)-C(2B) 123.9(2) 
C(6B) -C(1B) -c (2B) 120.1(2) 
C(1B) -C(28) -c (3B) 119.6(2) 









C(6B) -c (5B) -C(4B) 121.0(2) 
C(1B) -C(6B) -C(5B) 120.4(3) 
C(1B) -0(18) -C(7B) 121.6(2) 
C(12B) -C(7B) -c (88) 121.7(2) 
C(12B) -C(78) -0(18) 117.1(2) 
C(8B) -C(7B) -0(18) 121.1(2) 
C(7B)-C(8B)-C(98) 117.5(2) 
C(7B)-C(88)-C(8'B) 122.7(2) 
C(9B)-C(8B)-C(8 1 13) 119.7(2) 
C (8B) -C (8'B) -C (82B) 111.0(2) 






C(9B) -C(1OB) -C(11B) 116.2(2) 
C(9B) -C(10B) -C(1OB)#2 120.0(3) 
C (11B) -c (lOB) -c (108) #2 123.7(2) 
C(12B)-C(11B)-C(1OB) 122.5(2) 
C(7B) -C(12B) -C(11B) 118.9(2) 
N(3S) -C(2S) -C(1S) 179.2(2) 
Symmetry transformations used to generate equivalent atoms: 
#1 y,x,-z+1 	#2 x-y,-y,-z-i-% 
Table 3. Anisotropic displacement parameters [A2  x 10] for LE0023. 
The anisotropic displacement factor exponent takes the form: 
21 2 [hla*2U + ... +2hka*b* U12 ] 
U11 U22 U33  Q2 3 U13 U12 
C(1A) 58(2) 53(2) 42(1) 6  0(1) 33(1) 
C(2A) 72(2) 78(2) 51(1) 9(1) 4(1) 53(2) 
C(3A) 65(2) 74(2) 44(1) 4(1) 4(1) 42(2) 
C(3'A) 101(3) 133(3) 51(2) 15(2) 16(2) 84(3) 
N(3A) 157(4) 232(6) 78(2) 22(3) 36(2) 150(4) 
C(4A) 56(2) 52(2) 41(1) 2(1) -2(1) 25(2) 
C(4'A) 66(2) 62(2) 52(2) 8(1) 3(1) 28(2) 
N(4A) 105(2) 96(2) 57(2) 22(2) 15(2) 47(2) 
C(5A) 61(2) 59(2) 51(1) 6(1) -7(1) 36(2) 
C(6A) 55(2) 61(2) 48(1) 11(1) 4(1) 34(2) 
0(1A) 69(1) 73(1) 44(1) 17(1) 9(1) 48(1) 
C(7A) 63(2) 62(2) 32(1) 7(1) 3(1) 42(2) 
C(8A) 47(2) 53(2) 32(1) 4(1) 5(1) 27(1) 
C(8 'A) 49(2) 64(2) 42(1) 0 (1) -4(1) 30(2) 
C(81A) 57(2) 68(2) 74(2) -6(2) -19(2) 22(2) 
C(82A) 59(2) 104(3) 90(2) -10(2) 6(2) 45(2) 
C(83A) 77(2) 95(3) 46(1) -1(2) -16(1) 33(2) 
C(9A) 46(2) 46(2) 32(1) 3(1) 2(1) 23(1) 
C(10A) 44(2) 47(2) 28(1) 1(1) 2(1) 23(1) 
C(11A) 53(2) 45(2) 45(1) 2(1) -5(1) 21(1) 
C(12A) 65(2) 45(2) 46(1) 6(1) 0(1) 25(2) 
C(1B) 52(2) 42(2) 40(1) 1(1) -1(1) 26(1) 
C(28) 50(2) 46(2) 43(1) 7(1) 1(1) 23(1) 
C(3B) 49(2) 49(2) 38(1) -2(1) -5(1) 26(1) 
C(3'B) 54(2) 62(2) 47(1) 2(1) -6(1) 32(2) 
N(3B) 65(2) 100(2) 64(l) 6 (1) 5(1) 48 (2) 
C(4B) 53 (2) 43 (2) 44(l) -3(l) -8(1) 25(1) 
C(4'B) 60(2) 51(2) 50(1) -2(1) -8(1) 29(2) 
N(4B) 91(2) 68(2) 70(2) 0(1) -5(1) 51(2) 
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C(5B) 61(2) 44(2) 51(1) 10(1) 4(1) 25(1) 
C(6B) 53(2) 50(2) 51(1) 7(1) 6(1) 26(2) 
0(1B) 61(1) 49(1) 50(1) 12(l) 14(1) 33(l) 
C(7B) 49(2) 44(2) 45(1) 7(1) 6(1) 29(1) 
C(8B) 60(2) 50(2) 33(1) 1(1) 0(1) 35(1) 
C(8'B) 101(2) 60(2) 32(1) 3(1) 2(1) 49(2) 
C(813) 114(3) 84(2) 49(2) 2(2) -17(2) 57(2) 
C(82B) 213(S) 70(2) 39(1) -7(2) -13(2) 59(3) 
C(83B) 125(3) 141(4) 51(2) 8(2) 27(2) 91(3) 
C (9B) 59 (2) 42 (2) 38(l) -3(l) -4(l) 27(l) 
C(10B) 39(1) 45(2) 34(l) -1(1) 0(1) 23(l) 
C(11B) 59(2) 49(2) 38(1) -2(1) -4(1) 29(1) 
C(12B) 65(2) 43(2) 44(1) -5(1) -5(1) 29(1) 
C(1S) 148(7) 297(22) 480(30) -49(22) -24(11) 148(11) 
Table 4. Hydrogen coordinates [x 101 and isotropic 
displacement parameters [A2 x 10] for LE0023. 
X Y Z Ueq 
H(2A) -4683(3) -2709(3) 3648(1) 72 
H(5A) -6584(3) -951(3) 3025(l) 65 
H(6A) -7088(3) -1743(3) 3710(1) 63 
H(81A) -7902(22) -6705(7) 4626(1) 106 
H(82A) -7344(13) -6709(7) 4173 (7) 106 
H(83A) -8656(10) -7058(3) 4197 (8) 106 
H(84A) -8414(19) -5155(26) 4778 (2) 124 
H(85A) -9201(4) -5596(17) 4358(7) 124 
H(86A) -8266(15) -4279(9) 4404 (8) 124 
H(87A) -8319(11) -5776(12) 3644(2) 116 
H(88A) -6961(13) -5148(22) 3621(1) 116 
H(89A) -7581(22) -4423(11) 3696(1) 116 
H(9A) -6104(2) -5652(2) 4718(1) 49 
H(11A) -3406(2) -2479(2) 4897(l) 60 
H(12A) -4313(3) -1733(3) 4474(1) 64 
H(2B) 1708 (2) 3403 (2) 2789(l) 56 
H(5B) 3900(3) 6757(2) 1990(1) 64 
H(6B) 4449 (3) 5376 (2) 2032(l) 62 
H(81B) 1839(23) 1656(20) 1453(2) 119 
H(82B) 2447(12) 2683(3) 1789(8) 119 
H(83B) 1211 (12) 1632 (19) 1893 (6) 119 
H(84B) 1830 (31) -122(4) 1554 (2) 168 
H(85B) 1010 (8) -340(9) 1957 (12) 168 
H(863) 2121 (21) -453(7) 2012 (11) 168 
H(87B) 3784 (4) 1648 (26) 1522 (2) 142 
H(883) 4105(10) 1343(19) 1979(8) 142 
H (89B) 4198 (8) 2553 (8) 1906 (9) 142 
H (9B) 1765 (2) -285(2) 2624(l) 55 
H (11B) 2617(2) 1739(2) 3672(l) 57 
H (12B) 3421 (3) 3346 (2) 3234(l) 60 
H(1S1) -598(291) -523(192) 3230 (45) 438 
H(1S2) -1662(42) -429(213) 3400(85) 438 
H(1S3) -421(249) 388(22) 3594(40) 438 
409 
Table 1. Atomic coordinates [x 10] and equivalent isotropic 
displacement parameters [A2 x 10] for LSI110. U is defined 
as one third of the trace of the orthogonalized1j tensor. 
X y Z Ueq 
C(1) 3790 (4) 3288(10) 3670 (3) 63 (2) 
C(2) 3939(3) 3335(10) 3104(3) 65(2) 
C(3) 3796(4) 4859(10) 2796(3) 62(2) 
C(3') 3996 (4) 5001 (11) 2220 (3) 84(2) 
N(3) 4131(4) 5104(11) 1768(3) 118(3) 
C(4) 3498(4) 6371(10) 3021(3) 65(2) 
C(4') 3349(4) 7961(12) 2690(3) 75(2) 
N(4) 3236 (4) 9254(11) 2432 (3) 103 (2) 
C(5) 3347(4) 6270(10) 3580(3) 74(2) 
C(6) 3488(4) 4737(10) 3903(3) 66(2) 
0(1) 3954(3) 1725(6) 3962(2) 72(1) 
C(7) 3911(4) 1691(8) 4565(3) 60(2) 
C(8) 4563 (4) 2107 (8) 4982 (3) 57(2) 
C(8 1 ) 5317(4) 2710(9) 4827(3) 73(2) 
C(9) 4514(4) 1991(8) 5566(3) 62(2) 
C(10) 3822(3) 1456(8) 5729(3) 56(2) 
C(11) 3183 (4) 1036 (9) 5290 (3) 62(2) 
C(12) 3198 (4) 1144 (9) 4696 (3) 64(2) 
C(12') 2491(4) 804(10) 4218(3) 80(2) 
C(13) 3799(4) 1165(10) 6381(3) 64(2) 
C(13A) 4430(4) 2209(12) 6802(3) 90(3) 
C(13B) 3922(4) -806(11) 6508(3) 85(2) 
C(14) 2992(3) 1838(10) 6478(3) 60(2) 
C(15) 2556(3) 799(9) 6788(3) 65(2) 
C(16) 1849(4) 1460(11) 6904(3) 65(2) 
C(16') 1365(4) 302(11) 7225(3) 91(2) 
C(17) 1633 (4) 3114 (11) 6711 (3) 65(2) 
C(18) 2055(4) 4230(10) 6414(3) 74(2) 
C(18 1 ) 1798(5) 6041(11) 6236(4) 104(3) 
C(19) 2741(4) 3480(10) 6297(3) 69(2) 
0(2) 954 (2) 3860 (6) 6863 (2) 78(1) 
C(20) 258 (4) 3750 (9) 6460 (3) 66(2) 
C(21) 117(4) 2682(9) 5974(3) 65(2) 
C(22) -614(4) 2657(9) 5607(3) 65(2) 
C(22 1 ) -792(4) 1467(12) 5121(4) 87(2) 
N(22) -958(4) 525(12) 4728(4) 133(3) 
C(23) -1216(4) 3733(10) 5723(3) 70(2) 
C(23') -1974(5) 3683(12) 5346(3) 87(2) 
N(23) -2589(4) 3704(11) 5050(3) 108(2) 
C(24) -1062(4) 4789(12) 6204(3) 94(3) 
C(25) -342(5) 4805(11) 6578(3) 94(3) 
Table 2. pond lengths [A) and angles [0]  for LSI110. 
C(l)-0(1) 1.366(8) 



































C(20) -C(25) 1.396(9) 
C(21)-C(22) 1.376(8) 





C(23') -N(23) 1.146(9) 






























C(13A) -C(13) -C(13B) 109.2(6) 
C(13A) -C(13) -C(10) 112.8(5) 
C(13B)-C(13)-C(10) 107.3(6) 
C(13A)-C(13)-C(14) 106.7(5) 
















C(14) -C(19) -C(18) 
-0(2) -C(17) 
0(2) -C(20) -C(21) 




C(21) -C(22) -C(22') 
C(23) -C(22) -C(22') 
N(22) -C(22') -C(22) 
C(24) -C(23) -C(22) 
C (24) -C (23) -C (23') 
C(22)-C(23)-C(23') 





















Table 3. 	Jnisotropic displacement parameters [A2 
The anisotroic displacement factor exponent takes 
_2i 2 [h2 a* 	 + 2hka*b* 	U 2 J 
x 10] for LSI110. 
the form: 
U11 U22  U33 U23 U13 U12 
C(1) 70(4) 72(5) 53(4) 7(4) 28(3) 2(4) 
C(2) 61(4) 80(5) 61(4) 8(4) 26(3) 13(4) 
C(3) 56(4) 80(5) 57(4) 7(4) 25(3) 2(4) 
C(3 1 ) 71(5) 118(7) 69(5) 15(5) 27(4) 13(5) 
N(3) 115(5) 176(8) 75(4) 22(5) 45(4) 32(5) 
C(4) 60(4) 68(5) 70(4) 14(4) 22(3) 2(4) 
C(4') 63(5) 90(6) 80(5) 17(5) 35(4) 6(5) 
N(4) 102(5) 105(6) 111(5) 41(5) 40(4) 13(5) 
C(5) 82(5) 74(6) 76(5) 7(4) 40(4) 8(4) 
C(6) 77(5) 70(5) 64(4) -8(4) 41(4) 5(4) 
0(1) 91(3) 78(3) 57(3) 3 (3) 38(2) 13 (3) 
C(7) 69(5) 55(4) 61(4) 4(4) 28(4) 9(4) 
C(8) 56(4) 60(5) 62(4) 3(4) 27(4) 2(4) 
C(8 1 ) 68(4) 75(5) 89(5) -4(4) 46(4) -7(4) 
C(9) 52(4) 70(5) 69(4) 0(4) 24(3) 5(4) 
C(10) 51(4) 64(4) 60(4) 5(4) 28(3) 2(4) 
C(11) 55(4) 74(5) 62(4) -2(4) 26(4) -5(4) 
C(12) 55(4) 74(5) 63 (4) -3(4) 12(4) 2(4) 
C(12 1 ) 80(5) 95(6) 72(4) 3(4) 29(4) 8(5) 
C(13) 49(4) 85(6) 63(4) 10(4) 27(3) 13(4) 
C(13A) 52(4) 157(8) 64(4) -17(5) 19(4) -3(5) 
C(13B) 78(5) 104(7) 87(5) 26(5) 46(4) 29(5) 
C(14) 51(4) 82(5) 51(4) 2(4) 22(3) 5(4) 
C(15) 62(4) 73(5) 70(4) 6(4) 33(4) 7(4) 
C(16) 56(4) 84(6) 61(4) -3(4) 25(3) 3 (4) 
C(16 1 ) 82(5) 113 (6) 99(5) 20 (5) 66(4) -1(5) 
C(17) 53(4) 78(5) 67(4) -12(4) 23(3) 9(4) 
C(18) 79(5) 69(5) 83 (5) 1(4) 36 (4) 9(4) 
C(18') 114(7) 87(6) 131(7) 15(6) 69(6) 23(6) 
C(19) 59(4) 73(5) 85(5) 1(4) 40(4) 8(4) 
0(2) 53(3) 113(4) 76(3) -24(3) 30(2) 13(3) 
C(20) 57(4) 84(5) 64(4) -10(4) 27(4) 6(4) 
C(21) 53(4) 83(5) 66(4) -14(4) 33(4) 2(4) 
C(22) 59(5) 78(5) 63 (4) -10(4) 24 (4) 9(4) 
C(22') 57(4) 118(7) 89(6) -29(6) 21(4) 19(5) 
N(22) 97(5) 162(8) 131 (6) -63(6) 5(5) 39(5) 
C(23) 52(4) 94(6) 69(4) -10(4) 24(4) 16(4) 
C(23 1 ) 67(5) 111(7) 90(6) -9(5) 32(5) 28 (6) 
N(23) 73(4) 150(7) 108(5) -3(5) 34(4) 26(5) 
C(24) 63(5) 138(8) 85(5) -31(5) 24(4) 37(5) 
C(25) 76 (5) 123 (7) 90(5) -33(5) 32 (5) 31(5) 
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Table 4. Hydrogen coordinates [x 104  ] and isotropic 
displacement parameters [A2 x iO] for LSI110. 
X Y Z Ueq 
H(2) 4130(3) 2348(10) 2945(3) 78 
 3149(4) 7250(10) 3738(3) 88 
 3381(4) 4678(10) 4275(3) 79 
 5457(30) 1726(46) 4532(15) 109 
 5765(23) 2721(58) 5226(12) 109 
 5286(32) 3992(26) 4621(17) 109 
H(9) 4950(4) 2273(8) 5858(3) 74 
H(11) 2725(4) 667(9) 5393(3) 74 
 2453(30) 1517(54) 3813(12) 121 
 1985(20) 1097(61) 4394(21) 121 
 2513(32) -595(15) 4136(21) 121 
H(1A) 4370(34) 3580(26) 6674(24) 135 
H(2A) 5001(17) 1739(71) 6770(24) 135 
H(3A) 4363(33) 2076(72) 7248(10) 135 
H(1B) 3502(24) -1752(63) 6281(20) 128 
H(2B) 3946 (27) -879(81) 6973 (5) 128 
H(3B) 4492(12) -1100(76) 6427(21) 128 
H(15) 2731(3) -322(9) 6916(3) 78 
 1660(30) -861(43) 7431(20) 137 
 857 (20) -87(68) 6898 (19) 137 
 1184(30) 1109(63) 7553(16) 137 
 2226 (29) 6915 (78) 6119 (24) 156 
 1637(33) 6525(90) 6628(16) 156 
 1286(20) 5992(97) 5882(16) 156 
H(19) 3033 (4) 4139 (10) 6086 (3) 82 
H(21) 514(4) 1976(9) 5893(3) 77 
 -1455(4) 5518(12) 6281(3) 113 
 -252(5) 5518(11) 6910(3) 113 
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Table 1. Atomic coordinates [x 104 1 and equivalent isotropic 
displacement parameters [A2 x 101 for LS1338. U is defined 
as one third of the trace of the orthogonalized tJ tensor. 
X 	 y 	 Z 	 Ueq 
0(1) 2577(3) 2024(3) 4561(2) 68(1) 
C(1) 2776(4) 1089(4) 4704(2) 59(1) 
C(2) 3482(4) 915(4) 5218(2) 61(1) 
C(3) 3697(4) -16(4) 5392(3) 59(1) 
C(3') 4417(5) -210(4) 5922(3) 77(2) 
N(3) 4983(5) -369(4) 6346(3) 110(2) 
C(4) 3214(4) -772(4) 5066(3) 63(2) 
C(4') 3461(5) -1735(5) 5246(3) 75(2) 
N(4) 3650(5) -2509(4) 5383(3) 100(2) 
C(5) 2504(4) -591(4) 4564(3) 69(2) 
C(6) 2292(4) 334(4) 4385(3) 66(2) 
C(7) 2103(4) 2220(3) 3943(2) 55(1) 
C(8) 1085(4) 2571(3) 3919(2) 51(1) 
C(8') 405(4) 2788(4) 4515(2) 61(1) 
 906 (6) 3624 (6) 4898 (4) 126 (3) 
 -721(5) 3064(6) 4326(3) 99(2) 
 303(5) 1940(6) 4975(3) 113(3) 
C(9) 732(4) 2761(3) 3279(2) 50(1) 
C(10) 1319(4) 2621(3) 2714(2) 50(1) 
C(11) 2346(4) 2283(4) 2768(3) 57(1) 
C(11 1 ) 3082(4) 2115(5) 2199(3) 85(2) 
C(12) 2706(4) 2093(4) 3393(3) 65(2) 
C(13) 797(3) 2832(3) 2048(2) 49(1) 
 742(4) 3907(4) 1901(3) 67(2) 
 1748(5) 4387(5) 1771(3) 97(2) 
 1560(6) 5417(5) 1514(3) 114(3) 
C(14) -261(4) 2331(4) 1990(2) 47(1) 
C(15) -1201(4) 2823(4) 2095(2) 49(1) 
C(16) -2207(4) 2412(3) 2068(2) 46(1) 
C(16') -3200(4) 2972(4) 2236(2) 56(1) 
 -2965(4) 4032(4) 2354(3) 68(2) 
 -4007(4) 2913(4) 1680(3) 73(2) 
 -3675(4) 2562(4) 2867(3) 78(2) 
C(17) -2209(4) 1445(4) 1905(2) 50(1) 
C(18) -1299(4) 948(4) 1799(2) 55(1) 
C(19) -311(4) 1365(4) 1843 (2) 51(1) 
C(19 1 ) 654(4) 753(4) 1762(3) 70(2) 
0(2) -3159(3) 946(3) 1903 (2) 64(1) 
C(20) -3411(4) 403 (3) 1363 (2) 51(1) 
C(21) -3052(4) 614(4) 736 (2) 51(1) 
C(22) -3332(4) 29(4) 219(2) 50(1) 
C(22') -2952(4) 210(4) -428(3) 57(1) 
N(22) -2652(4) 318(4) -948(2) 82(2) 
C(23) -3983(4) -748(4) 327(2) 53(1) 
C(23') -4204(4) -1374(4) -217(3) 63 (2) 
N(23) -4347(4) -1872(4) -651(3) 90(2) 
C(24) -4369(4) -924(4) 944(3) 65(2) 
C(25) -4078(4) -352(4) 1467 (3) 63(2) 









































C(19)-C(19 1 ) 1.505(7) 
0(2)-C(20) 1.374(5) 
C(20)-C(25) 1.373(7) 




C(22') -N(22) 1.138(6) 
-C(24) 1.373(7) 
C(23) -C(23') 1.440(7) 
C(23')-N(23) 1.141(6) 
C(24)-C(25) 1.381(7) 













C(6) -C(5) -C(4) 119.7(6) 
C(5)-C(6)-C(1) 120.8(5) 
















































C(25) -C(20)-C(21) 120.7(5) 
0(2) -C(20) -C(21) 122.8(4) 
C(22) -C(21) -C(20) 119.4(5) 










Table 3. 	Anisotropic displacement parameters [A2 
The anisotroic displacement factor exponent takes 
-2n2 [h2 a* 	 +2hka*b* 	U12 
x 10] for LS1338. 
the form: 
U11 U22  U33 U23 U13 U12 
0(1) 75(3) 66(3) 62(2) 0(2) -21(2) 8(2) 
C(1) 68(4) 57(4) 53(3) -1(3) -4(3) 7(3) 
C(2) 62(3) 65(4) 57(3) 7(3) -7(3) -2(3) 
C(3) 49(3) 66(4) 61(4) 12(3) -5(3) 2(3) 
C(3 1 ) 75(4) 77(4) 77(4) 21(4) -11(4) -9(3) 
N(3) 116(5) 111(5) 102(4) 34(4) -46(4) -17(4) 
C(4) 73(4) 62(4) 54(3) 8(3) 9(3) 9(3) 
C(4') 83(4) 76(5) 67(4) 9(4) 12(3) -5(4) 
N(4) 138(5) 81(4) 83(4) 13(3) 10(3) 4(4) 
C(S) 73(4) 70(4) 62(4) 2(3) -2(3) -5(3) 
C(6) 72(4) 62(4) 66(4) 0(3) -10(3) 6(3) 
C(7) 58(3) 51(3) 55(3) -1(3) -19(3) 2(3) 
C(8) 50(3) 49(3) 53(3) 2(2) -3(2) 2(3) 
C(8 1 ) 65(4) 70(4) 48(3) -3(3) 1(3) 8(3) 
 125(6) 146(7) 107(6) -68(5) 22(5) -20(6) 
 80(4) 148(7) 69(4) -4(4) 20(3) 32(4) 
 105(6) 141(7) 92(5) 33(5) 34(4) 22(5) 
C(9) 49(3) 52(3) 50(3) 0(3) -2(2) 4(2) 
416 
C(1O) 43(3) 55(3) 51(3) -1(2) 3(2) 0(2) 
C(11) 42(3) 67(4) 61(4) 2(3) 2(3) 2(3) 
C(llt) 49(3) 127(6) 79(4) 9(4) 8(3) 16(4) 
C(12) 43(3) 79(4) 74(4) -6(3) -4(3) 8(3) 
C(13) 45(3) 57(3) 43(3) -1(2) 8(2) 1(2) 
 60(4) 65(4) 75(4) -1(3) 11(3) -5(3) 
 105(5) 87(5) 99(5) -5(4) 29(4) -16(4) 
 181(8) 76(5) 86(5) 19(4) 32(5) -30(5) 
C(14) 51(3) 56(3) 33(3) -1(2) -1(2) 3(3) 
C(15) 55(3) 53(3) 39(3) -4(2) 0(2) -1(3) 
C(16) 51(3) 55(3) 31(2) -5(2) -2(2) 1(3) 
C(16') 52(3) 67(4) 47(3) -9(3) 6(2) 0(3) 
 55(3) 73(4) 76(4) -15(3) -4(3) 7(3) 
 59(3) 91(4) 68(4) 0(3) -13(3) 3(3) 
 79(4) 94(5) 59(4) -7(3) 19(3) 7(4) 
C(17) 49(3) 58(3) 43(3) -9(3) 4(2) -4(3) 
C(18) 64(4) 54(3) 49(3) -13(3) 3(3) -6(3) 
C(19) 58(3) 53(3) 41(3) -7(2) 1(2) 5(3) 
C(19') 66(4) 62(4) 81(4) -9(3) 5(3) 8(3) 
0(2) 63 (2) 77 (3) 52(2) -17(2) 10(2) -17(2) 
C(20) 56(3) 49(3) 47(3) -6(3) 5(2) -5(3) 
C(21) 48(3) 51(3) 53(3) -1(3) 1(2) -11(2) 
C(22) 48(3) 52(3) 49(3) 1(3) 0(2) 1(3) 
C(22') 53(3) 69(4) 49(3) -7(3) 1(3) 0(3) 
N(22) 94 (4) 92 (4) 60(3) -2(3) 10(3) 5(3) 
C(23) 55(3) 56(3) 48(3) -6(3) -7(2) 0(3) 
C(23') 55(3) 66(4) 69(4) -5(3) -8(3) -8(3) 
N(23) 97(4) 86(4) 87(4) -28(3) -20(3) -10(3) 
C(24) 73(4) 67(4) 55(4) 2(3) -5(3) -27(3) 
C(25) 66(4) 73 (4) 51(3) 7(3) 5(3) -15(3) 
Table 4. Hydrogen coord4nates [x 10] and isotropic 
displacement parameters [A2 x 101 for LS1338. 
X Y Z Ueq 
H(2) 3803(4) 1418(4) 5439(2) 73 
H(5) 2172 (4) -1093(4) 4348 (3) 82 
H(6) 1817(4) 455(4) 4046(3) 80 
H(81A) 509(23) 3741(23) 5290(12) 151 
H(813) 902(34) 4186(10) 4628(9) 151 
H(81C) 1618(14) 3464(14) 5013(20) 151 
H(82A) -1130(10) 3152(29) 4717(3) 119 
H(82B) -1028(11) 2567(13) 4064(16) 119 
H(82C) -711(5) 3647(15) 4079(17) 119 
H(83A) -207(26) 2082(13) 5308(13) 135 
H(83B) 973(10) 1813(20) 5177(16) 135 
H(83C) 80(32) 1391 (9) 4730 (5) 135 
H(9) 52(4) 2999 (3) 3229 (2) 60 
H(11A) 3106(22) 2676(10) 1929(10) 102 
H (11B) 2832 (16) 1585 (17) 1943 (10) 102 
H(11C) 3775(8) 1976(26) 2364(3) 102 
 3391(4) 1867(4) 3445(3) 78 
 1253(3) 2551(3) 1712(2) 58 
H(13A) 287(4) 4000(4) 1522(3) 80 
H(13B) 411(4) 4221(4) 2271(3) 80 
H (13C) 2141 (5) 4026 (5) 1448 (3) 116 
H (13D) 2162 (5) 4411 (5) 2172 (3) 116 
H (13E) 2224 (7) 5735 (11) 1463 (20) 137 
H(13F) 1134 (29) 5762(11) 1822(11) 137 
H (13G) 120S(31) 5391(S) 1097 (11) 137 
H(15) -1157(4) 3471(4) 2189(2) 59 
H(16A) -3613(4) 4369 (5) 2421 (15) 81 
H(16B) -2609(21) 4290 (6) 1979 (6) 81 
H (16C) -2525(19) 4099 (4) 2736 (9) 81 
H (16D) -4589(12) 3328 (17) 1774 (8) 87 
H(16E) -4256(19) 2269 (6) 1639 (10) 87 
H(16F) -3684(8) 3106 (22) 1275 (4) 87 
H(16G) -4292(16) 2919(16) 2982(9) 93 
417 
H(16H) -3168(10) 2603(22) 3216(5) 93 
H(161) -3864(25) 1906(8) 2797(6) 93 
H(18) -1344(4) 304(4) 1693(2) 66 
H(19A) 446(4) 113(6) 1655(15) 84 
H(19B) 1051(13) 751(18) 2164(5) 84 
H(19C) 1081(12) 1005(13) 1414(10) 84 
H(21) -2627(4) 1144(4) 666(2) 61 
 -4829(4) -1431(4) 1011(3) 78 
 -4332(4) -478(4) 1886(3) 76 
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